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Candida albicans is a human fungal pathogen of important public health 
relevance.  Virulence of C. albicans requires members of a family of antioxidant 
enzymes called superoxide dismutases (SODs).  C. albicans has an unusually large 
collection of SODs that includes a rare pairing of a Cu/Zn-Sod1 and a Mn-Sod3 in the 
cytosol.  The biology and regulation of these two SODs was poorly understood, and was 
the subject of investigation in this thesis.   
First, we found that C. albicans Sod1 is relatively unstable compared to homologs 
in various other organisms (Chapter 2).  We also uncovered evidence suggesting that the 
physical interaction between C. albicans Sod1 and its copper chaperone Ccs1 is 
unusually species-specific.  These traits may reflect this yeast’s adaptation to life as a 
pathogen. 
Although others have shown that Cu/Zn-Sod1 and Mn-Sod3 were alternatively 
expressed at the mRNA level, nothing was known about the regulation and rationale of 
these seemingly redundant enzymes.  We establish that these two SODs are modulated to 
adapt to fluctuations in copper bioavailability (Chapter 3).  Utilizing both a copper-
dependent and a copper-independent SOD ensures that C. albicans can maintain constant 
SOD antioxidant activity regardless of the surrounding copper environment.  This 
alternative regulation of Cu/Zn-Sod1 and Mn-Sod3 employs the copper-sensing 
transcription factor Mac1, using a novel mechanism.  We discovered that the host 
response to fungal infection includes fluctuation of kidney copper.  Meanwhile, C. 
albicans expertly switches its cytosolic SODs to adapt to these changes in copper.  This is 
the first evidence for possible copper utilization in host nutritional immunity. 
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Besides copper, other kidney biometals are also affected by C. albicans infection 
(Appendix I).  Strikingly, sites of calcium deposits and zinc depletion overlap with 
immune infiltration at fungal lesions.   
Finally, phagocytes are known to utilize copper toxicity to kill pathogens.  We use 
a fluorescent probe to directly measure for the first time intracellular copper of C. 
albicans during the macrophage copper burst (Appendix II).   
Altogether, this work illustrates the importance of metals at the host-pathogen 
interface.  Specifically, we explore the host utilization of copper for microbial defense, 
and the adaptive capabilities of C. albicans using two different SODs. 
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Superoxide and Superoxide Dismutase Enzymes 
Superoxide dismutases (SODs) are a family of enzymes that serve as major 
cellular antioxidants.  They were first discovered in 1969 by McCord and Fridovich [1], 
and are found in all aerobic organisms from bacteria to humans.  Using a metal catalytic 
cofactor “M”, these enzymes catalyze the following disproportionation reaction to 
convert two superoxide radicals into molecular oxygen and hydrogen peroxide: 
Mox + O2
-  Mred + O2 
Mred + O2
- + 2H+  Mox + H2O2 
SODs are some of the fastest enzymes in existence, with the rate of reaction limited only 
by the rate of diffusion (kcat/Km=2x10
9 M-1 s-1) [2-4].  There are three classes of SODs, 
each using a different metal ion for catalysis:  Ni-SODs, Cu/Zn-SODs, and Mn- or Fe-
SODs.  These classes evolved separately, but converged to perform the same function.  
The most ancient class of SOD was the Fe-SOD, which originated from the need to 
protect cells from oxidative damage in the new aerobic atmosphere.  At the time, iron 
was abundantly bioavailable and thus Fe-SODs evolved.  Later, as atmospheric oxygen 
levels rose and iron became less bioavailable and more toxic, Mn-SODs arose [5].  As 
oxygen levels continued to rise, iron and manganese continued to decline in abundance, 
but copper and zinc bioavailability rose greatly[6,7], leading to the evolution of Cu/Zn-
SODs.  This indicates that evolution of the various metal-containing SODs was driven by 
environmental metal bioavailability in the progressively aerobic atmosphere.   
SODs and other antioxidant enzymes have evolved to deal with the production of 
reactive oxygen species (ROS) that are generated as a product of aerobic metabolism.  
The superoxide anion (O2
-) is the result of a single electron reduction of O2, and is 
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moderately reactive with other biomolecules.  Superoxide is specifically damaging to 
iron-sulfur clusters and iron cofactors within enzymes [8,9].  Superoxide can abstract an 
electron from the 4Fe-4S cluster, which destabilizes the structure and results in a loss of 
the catalytic iron atom [10].  Fe-S clusters are found in many enzymes critical to cell 
metabolism, including aconitase and fumarase in the Krebs Cycle, and dehydratases in 
the lysine biosynthesis pathway [10-15].  Superoxide can also oxidize and release single 
iron cofactors from non Fe-S enzymes, which eventually leads to mismetallation of the 
active site with zinc and loss of enzymatic activity [8,9,16].   
Disproportionation of superoxide occurs either spontaneously or orders of 
magnitude more rapidly via SODs, forming hydrogen peroxide (H2O2).  Hydrogen 
peroxide is an important signaling molecule in the cell; by oxidizing certain thiols in 
proteins [17,18], it can regulate processes such as metabolic adaptation, differentiation, 
and proliferation [19-24].  When hydrogen peroxide levels are too high, the molecule can 
be further reduced to the toxic hydroxyl radical (OH), an extremely reactive oxidant, by 
Fenton or Haber-Weiss reactions involving iron or copper cations [25,26].  Hydroxyl 
radicals are severely and irreversibly destructive to many cellular macromolecules; as one 
example, it can abstract hydrogen atoms from unsaturated fatty acids, setting off a chain 
reaction called lipid peroxidation [26,27].  To avoid the formation of hydroxyl radicals, 
multiple antioxidant enzymes, such as glutathione peroxidases, peroxiredoxins, and 
catalases, fully reduce hydrogen peroxide to non-toxic water (H2O) [28-30].  However, 
eukaryotes must rely on the SOD family of enzymes to eliminate superoxide. 
ROS production, while important for signaling in some cases, is largely harmful 
to cells.  Hallmarks of oxidative stress caused by ROS include injury to many cellular 
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macromolecules.  Proteins can be damaged by oxidation of thiols or metal cofactors, or 
by carbonylation of amino acid residues [8,31-34].  DNA damage is seen as single or 
double strand breaks, or as nucleotide modifications such as 8-hydroxyguanidine [35-37].  
Cell membranes can be damaged by lipid peroxidation chain reactions [26,27].  Oxidative 
stress contributes to many health conditions such as aging [32,38], inflammation[39], 
cancer [34,40,41], and fibrosis [42,43].  To prevent these detrimental effects, organisms 
require antioxidant enzymes like SODs for protection. 
The three classes of SODs are structurally different and exist in specific 
organisms and cellular compartments.  The Ni-SODs are the rarest SODs, present in 
some gram-negative bacteria and cyanobacteria [5,44].  They function as homohexamers, 
each subunit coordinating one nickel ion for catalysis [5,45].  Little is known about Ni-
SOD biology and evolution. 
On the contrary, Cu/Zn-SODs are well understood enzymes.  The sequence and 
structure of this SOD (Fig. 1-1A,B) is well conserved throughout evolution, from 
prokaryotes to eukaryotes.  Cu/Zn-SODs primarily function as homodimers, where each 
monomer contains one catalytic copper cofactor and one zinc structural cofactor in the 
active site [46].  Cu/Zn-SODs are generally quite stable, but are inactivated in the 
presence of excess hydrogen peroxide [47].  These enzymes are localized in the 
periplasm of many gram-negative bacteria, and in the cytosol of most eukaryotes 
including plants, animals, and fungi.  Cu/Zn-SODs are also found in the mitochondrial 
intermembrane space of fungi and animals, in the chloroplast of plants, and in 
extracellular space in eukaryotes [48-50].   
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Cu/Zn-SODs have been well studied in a variety of organisms, including the 
model yeast Saccharomyces cerevisiae.  In this yeast, it was discovered that cytosolic 
Cu/Zn-Sod1 was activated by the copper chaperone for Sod1 (Ccs1) [51].  This activation 
involves a series of post-translational modifications that turns apo-Sod1 into the fully 
active enzyme.  Ccs1 first acquires copper and then binds to an apo-Sod1 monomer.   In 
the presence of oxygen, Ccs1 inserts the catalytic copper and facilitates formation of the 
intermolecular disulfide bond on Sod1 [51-53].  The mature Sod1 monomer is then 
released and can homodimerize to form the active enzyme [52]. 
In S. cerevisiae, Sod1 is activated solely by Ccs1; however, an alternative 
activation mechanism exists in other organisms.  In many organisms including humans, 
mice, and C. elegans, Cu/Zn-Sod1 retains some activity in the absence of Ccs1 [54-57].  
In fact, C. elegans does not possess a CCS-encoding gene at all [56].  The CCS-
independent pathway of Sod1 activation requires glutathione to donate copper to the 
enzyme [55,58].  In humans, Sod1 can be activated by both the Ccs1 and glutathione 
pathways [59].  The Sod1 enzyme’s dependence on Ccs1 for activation is fully 
determined by one residue, a proline at position 144 of S. cerevisiae Sod1 (Fig. 1-1A,B).  
Most other organisms contain a leucine, valine, or alanine at this position [55].  The P144 
residue is located near the active site and disulfide bridge (Fig. 1-1A,B), and its presence 
precludes disulfide formation without CCS (Fig. 1-2) [59].  Mutating P144 in S. 
cerevisiae Sod1 allows activation of the enzyme independent of Ccs1 (e.g., P144S Sod1 
as in Fig. 1-2) [57,59].  Ccs1 requires oxygen to function, thus Ccs1 activation of Sod1 is 
promoted in aerobic conditions in order to detoxify the high levels of ROS [57].  The 
P144 residue is only seen in Ascomycota fungi [55], which includes S. cerevisiae and 
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human fungal pathogen C. albicans.  It was unknown whether C. albicans Sod1 
activation was also dependent upon the CCS copper chaperone, but this will be addressed 
in Chapter 2 of this thesis. 
The third class of SOD is Mn- or Fe-SODs.  These SODs are structurally similar 
but include enzymes that can use only manganese, only iron, or either metal for catalysis.  
Fe-SODs are found in a wide range of prokaryotes, in protists, and in the chloroplasts of 
plants [60-62].  Mn-SODs are localized in the mitochondrial matrix of plants, animals, 
and fungi [63-66].  In rare cases, Mn-SODs replace the Cu/Zn-SODs in the cytosol of 
marine eukaryotes such as crustaceans and photosynthetic algae [67-69].  These 
organisms do not utilize a Cu/Zn-SOD so that they can spare copper for other important 
enzymes involved in oxygen transport or photosynthesis [67,68,70].  Thus, replacing the 
cytosolic Cu/Zn-SOD with Mn-SOD is an adaptation to metabolic uses of copper.  While 
most Mn- and Fe-SODs are only catalytically active with its specific native metal, metal 
substitution does occur.  For example, E. coli Mn-SOD has been observed to bind iron in 
vivo [71], and does so with an affinity equal to that of manganese [72].  In eukaryotes, the 
mitochondrial Mn-SOD very specifically acquires manganese, and disruption of 
manganese or iron homeostasis can cause iron insertion and severe detriments to the cell 
[73,74]. 
It is interesting to note that the partitioning of different types of SODs within a 
cell is a result of metal bioavailability, and has been conserved from prokaryotes to 
eukaryotes.  Gram-negative bacteria have Fe-SOD and/or Mn-SODs in the cytosol, since 
iron and manganese are bioavailable in this compartment (Fig. 1-3A) [75-78].  Cu/Zn-
SODs are limited to the periplasm because bacteria do not utilize copper inside the 
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cytosol, and pump all intracellular copper into the periplasmic space [79-83].  
Mitochondrial SODs in eukaryotes follow this same pattern, with a Mn-SOD in the 
matrix and a Cu/Zn-SOD in the IMS, consistent with the endosymbiosis theory of  
mitochondrial evolution (Fig. 1-3A) [65].  Using the mitochondrial outer membrane 
pores, Cu/Zn-SODs can move in and out of the cytosol and maintain equilibrium with the 
IMS [50].  Many eukaryotes also express a distinct extracellular Cu/Zn-SOD to react with 
extracellular sources of superoxide [48,49].  Mn-SODs are generally not found in the 
cytosol of eukaryotes because bioavailable manganese appears insufficient [75,84,85].  
However, the fungal pathogen Candida albicans is known to express both a Cu/Zn-SOD 
and a Mn-SOD in the same cytosolic compartment [86].  The rationale for this rare event 
was not known, and was the topic of investigation in Chapter 3 of this thesis. 
 
 
Sources of Superoxide for SODs 
SODs are located in cellular compartments where superoxide scavenging is 
necessary.  For example, the Cu/Zn-SOD and Mn-SOD in the mitochondria of eukaryotes 
serve an essential function, because a major cellular source of superoxide is the electron 
transport chain (ETC) in the mitochondria.  Complexes in the ETC leak electrons that 
reduce molecular oxygen and form superoxide radicals.  Complex I and complex III are 
the primary sources of these free electrons, and their relative contributions depend on 
organism and cell type [87-90].  Complex I leaks electrons into the mitochondrial matrix, 
producing superoxide in that compartment.  Complex III produces superoxide in both the 
matrix and IMS, and some of the radical may even enter the cytosol through voltage-
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dependent anion channels [91].  An estimated 1-5% of oxygen consumed in aerobic 
respiration is reduced to superoxide [92,93].  Fortunately, superoxide in the 
mitochondrial IMS and cytosol can be eliminated by Cu/Zn-SOD, and the superoxide in 
the matrix is rapidly detoxified by Mn-SOD.  Deletion of this Mn-Sod2 in Drosophila 
and mice leads to mitochondrial disease and lethality [94-98].  Thus, maintaining low 
levels of superoxide in the mitochondria is essential for the survival of eukaryotic 
organisms.   
Superoxide production in the cytosol is partially the result of NADPH-
cytochrome P450 reductase (POR), which is anchored to the endoplasmic reticulum 
membrane and extends into the cytosol [99].  This enzyme donates electrons to 
cytochrome P450s [100], which are a class of enzymes that metabolize many endogenous 
and exogenous substrates.  POR is also able to reduce molecular oxygen to produce 
superoxide in the cytosol [101,102].  Another cytosolic source of superoxide is xanthine 
oxidase (XO) [103].  XO normally exists as xanthine oxidoreductase (XOR), which 
hydroxylates hypoxanthine to xanthine to uric acid in the purine catabolism pathway 
[104].  However, cysteine oxidation or proteolysis can convert the enzyme to XO, which, 
along with the substrate xanthine, preferentially donates electrons molecular oxygen to 
produce superoxide [104,105].  The superoxide produced by these sources is eliminated 
by the cytosolic Cu/Zn-SOD. 
Another important source of cellular superoxide is NADPH oxidase (NOX) 
enzymes.  Most multicellular organisms express NOX enzymes while prokaryotes do not 
have any [106,107].  NOX enzymes consist of a large transmembrane complex, with the 
Nox genes encoding the catalytically active subunit [108].  The naive monomer of the 
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protein is inactive; its binding partners are required for proper maturation and trafficking 
[109].  NOX enzymes are often found on the plasma membrane and produce extracellular 
superoxide, but mammalian Nox2 and Nox4 are located on intracellular membranes and 
produce superoxide in the lumen of different compartments [108,110].  Extracellular 
superoxide produced by mammalian cell surface NOXs may be eliminated by 
extracellular Cu/Zn-SODs. 
While most cells in metazoans are believed to use NOX for signaling purposes 
[111], NOX were first described in phagocytic immune cells that use ROS to fight 
pathogens [112-114]; this phagocytic NOX is Nox2.  Once activated, Nox2 localizes to 
the phagosome of phagocytic cells and generates high levels of superoxide in that 
compartment [14,115].  This is known as the respiratory burst, part of the phagocyte’s 
strategy for killing microbes.  Neutrophils exhibit a much higher level of NOX activity 
compared to macrophages [116].   
Many pathogenic gram-negative bacteria are able to resist the phagocytic 
respiratory burst using Cu/Zn-SODs expressed in the periplasm.  Examples of bacteria 
that use these extracellular SODs are Salmonella typhimurium [117-120], Neisseria 
meningitides [121], Mycobacterium tuberculosis [122], Salmonella choleraesuis [123], 
Brucella abortus [124], and Haemophilus ducreyi [125].  These Cu/Zn-SODs have been 
shown to be important for bacterial survival in macrophages and for virulence in animal 





The Large Family of SOD Enzymes in Candida albicans 
Compared to the wealth of information on SOD enzymes in relation to 
pathogenesis of bacteria, very little is understood about SODs and infection with 
eukaryotic pathogens, such as fungi.  To this end, my thesis work has focused on the 
family of SOD enzymes of Candida albicans, an important fungal pathogen for public 
health.  Below is an introduction to the unusually large family of SODs in C. albicans, 
followed by a discussion of C. albicans in infectious disease and public health. 
Like the well-characterized budding yeast S. cerevisiae, C. albicans is a member 
of the Saccharomycetaceae family of filamentous yeasts.  While yeasts such as S. 
cerevisiae are limited two SODs, a cytosolic Cu/Zn-Sod1 and a mitochondrial Mn-Sod2, 
C. albicans has these two [126,127] plus an additional four SODs:  A cytosolic Mn-Sod3 
[86] and three Cu/Zn-like SODs anchored to the cell surface named Sod4, Sod5, and 
Sod6 (Fig. 1-3B) [128].  This extensive family of SODs has been the subject of much 
research in the Culotta lab. 
Our group recently published the crystal structure of Sod5 and characterized the 
enzyme as a Cu-only SOD [129].  In addition to missing the zinc binding site, Sod5 also 
lacks the electrostatic loop that was believed to guide superoxide to the active site.  In 
spite of these unusual features, Sod5 is catalytically just as fast as Sod1 [129].  Sod5 is 
secreted from the cell and anchored to the cell wall by a glycosylphosphatidylinositol 
(GPI) anchor.  Sod4 and Sod6 are also predicted to be GPI-anchored to the cell surface, 
but they have not been well analyzed.  Sod5-like enzymes have been found in an 
extensive array of Ascomycota and Basiodomycota fungi [129] but are totally absent 
from the animal and plant kingdoms where the extracellular Sod is the Cu/Zn-SOD.   
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Studies have shown that the extracellular localization of Sod4, Sod5, and Sod6 function 
to protect C. albicans from ROS damage during the respiratory burst of phagocytes 
[130,131].  Others have shown Sod5 to be important for pathogenesis in a mouse model 
of systemic candidiasis [128].  These results demonstrate that extracellular SODs 
function to protect the yeast from the respiratory burst of the macrophage and neutrophil 
phagolysosome. 
The other unusual SOD in C. albicans is the Mn-Sod3, because of its unique co-
localization with Cu/Zn-Sod1 in the cytosol.  As described above, Mn-SODs have been 
found in the cytosol of a few marine organisms [67,68], but only C. albicans and some 
closely related fungi have both a Cu/Zn-SOD and a Mn-SOD in this compartment.  This 
cytosolic Sod3 and the mitochondrial Sod2 are highly homologous in sequence, differing 
only in that Sod3 lacks a mitochondrial targeting sequence.  Sod3 was recently 
characterized in 2001, and studies showed that SOD1 and SOD3 mRNA was inversely 
regulated.  SOD1 mRNA was present during logarithmic growth and was replaced by 
SOD3 mRNA upon entering stationary phase [86].  This curious alternative regulation of 
SOD1 and SOD3 will be extensively investigated in this thesis (Chapter 3).   
 
 
The Opportunistic Pathogen Candida albicans 
This yeast with the puzzling array of SODs is in fact a significant public health 
problem.  C. albicans is a commensal inhabitant of the human microflora.  It is the major 
fungal species that inhabits and sometimes infects humans.  This yeast primarily lives on 
mammalian mucosal epithelial surfaces such as the intestinal lining, oral cavity, and 
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vagina.  An estimated half of the human population is colonized by C. albicans [132].  Its 
growth is typically held in check by the host immune system and by competition with 
surrounding microflora such as bacteria.  However, under some conditions, C. albicans 
can become pathogenic.  This can occur when the epithelial surface is physically 
damaged, when the surrounding bacteria is depleted, such as with antibiotics, and when 
the host immune system is suppressed [132].  Severity of infection can vary widely, from 
mild infections such as vaginal or oral thrush to lethal systemic infections.  By definition, 
candidiasis encompasses fungal infections from multiple Candida species.  C. albicans is 
the most common cause in humans, accounting for over half of disseminated candidiasis 
incidents with a crude mortality rate of over 30% [133]. 
Risk factors for invasive candidiasis include colonization by C. albicans, broad 
spectrum antibiotics, central venous catheters, prolonged hospital stay, 
immunosuppression, and premature infants [132].  In spite of available antifungal 
treatments, incidence of lethal infections is still on the rise in the United States, especially 
in hospital settings [132].  Additionally, antifungal resistance is becoming problematic, 
and new methods of treating infections are needed.  Another major clinical concern is 
biofilm formation on catheters.  A biofilm is an organized group of cells that are 
embedded in an extracellular polymer matrix, and are highly resistant to drugs and 
mechanical removal [134].  Cells from biofilms can also disseminate through the body 
and lead to infection of new sites.  An alarming 65-90% of patients with disseminated 
candidiasis had central venous catheters [132]. 
The virulence of C. albicans as a pathogen is partly due to its ability to change 
morphology [135].  It can reversibly switch between budding yeast, filamentous hyphal, 
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and pseudohyphal forms [136].  Hyphal yeast can penetrate tissue, causing significant 
tissue damage, and then enter the blood stream where it can disseminate through the body 
and invade other organs and tissues [136,137].  These morphologies are not exclusively 
associated with colonization or invasion in a host; most conditions involve mixed 
populations of budding and filamentous yeast [137]. 
The host immune system tolerates the presence of C. albicans colonizing 
epithelial surfaces, because the fungal load is low and the yeast is not invading and 
damaging epithelial cells.  However, when the pathogen is actively invading the tissue, a 
strong immune response is activated to combat the infection [137].  As part of this 
immune response, tissue macrophages are present and engulf the surrounding microbes.  
If hyphal (invasive) C. albicans are detected, the macrophages will produce cytokines 
that activate TH17 memory cells to recruit neutrophils to the site of invasion.  Neutrophils 
are able to engulf and kill the invading fungus efficiently [137].  Surprisingly, 
macrophages are not always effective at killing C. albicans.  C. albicans cells that are 
engulfed by macrophages can survive in the harsh conditions of the phagolysosome, and 
can form hyphae that ultimately pierce and kill the macrophages [138].  Neutrophils, 
however, can effectively kill C. albicans by phagocytosis, by degranulating and releasing 
antimicrobial proteins, and by a form of cell death that releases cellular components to 
trap and kill pathogens, called neutrophil extracellular traps [139]. 
C. albicans can colonize and infect many sites in the human body, including the 
intestine, vagina, oral cavity, and blood stream [132,140-142].  Systemic blood infections 
are the most lethal because the yeast can disseminate to many other organs, primarily the 
kidney but also the liver and the spleen [143].  To be able to thrive in all of these different 
14 
 
niches in the body, C. albicans must be highly adaptable to many environmental 
conditions such as pH, oxygen, and nutrient availability.  One important class of 
micronutrient is metals, which the yeast must acquire from the host.  Metals at the host-
pathogen interface have been gaining interest among researchers, and we will investigate 
this further in Chapter 3 and the Appendices of this thesis. 
 
 
Metals and Nutritional Immunity 
An emerging concept in the innate immune response involves nutritional 
immunity, the process by which the host immune system withholds biologically relevant 
metals for microbial defense [144].  Transition metals are essential for many important 
biological processes, such as catalysis, respiration, and transcriptional regulation 
[144,145].  However, while metals are necessary for life, they are also toxic at high levels 
due to their high reactivity.  Thus all organisms have evolved measures to tightly control 
their metal homeostasis, and mammalian immune systems are able to utilize these 
methods against microbial pathogens. 
Many studies have shown that the host sequesters iron, manganese, and zinc for 
nutritional immunity.  Iron was the first metal discovered to be withheld during microbial 
infection.  During infection and inflammation, the level of serum transferrin-bound iron 
plummets, preventing many microbes from acquiring this essential metal [146,147].  
Phagocytes express a divalent metal transporter on the phagosomal membrane, called 
natural resistance-associated macrophage protein 1 (NRAMP1), which pumps iron and 
manganese out of the compartment [148-150].  The S100 family of proteins is also 
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known to bind metals and be involved in microbial defense.  One prominent example is 
calprotectin, which chelates Mn and Zn in tissue abscesses and neutrophil extracellular 
traps [139,151-153].  With these methods of nutritional immunity, the host can withhold 
iron, manganese, and zinc from pathogens and starve them of these essential nutrients.   
Meanwhile, pathogens have evolved varied strategies for combating nutritional 
immunity.  Bacteria and yeast, such as C. albicans, are able to acquire iron through three 
main methods:  Ionic iron import, heme acquisition, and siderophore uptake [144,154].  
Some pathogens express transferrin receptors which can capture transferrin for iron 
extraction [155,156].  Pathogens can also release siderophores, small molecules that can 
capture iron with extremely high affinity.  The siderophores can then be imported into the 
cell where the iron is released [157,158].  Additionally, many pathogens have receptors 
for hemoglobin that can extract heme before transporting it into the cell [159,160].  
Furthermore, many bacteria express cell surface metal transporters that capture 
manganese and zinc [161-165], which are also necessary for bacterial virulence.  This 
complex duel for metal acquisition exemplifies the importance of these nutrients at the 
host-pathogen interface. 
Copper is also an essential nutrient, but unlike iron, manganese, and zinc, there is 
no known role for copper in nutritional immunity.  Instead, the host exploits the toxic 
properties of copper to combat pathogens.  For millennia, copper has been known to have 
antimicrobial effects.  The earliest recorded medicinal use of copper was from the Smith 
Papyrus of ancient Egypt, where copper was used to sterilize drinking water and wounds 
[80,166].  In the present day, copper is used as a biocide in disinfectants, pesticides, and 
hospital surfaces [80,167,168].   
16 
 
The innate immune systems of mammals are also adept at using copper to combat 
pathogens.  In macrophages, copper levels increase in the phagolysosome in response to 
engulfed bacteria [169,170].  This effect requires macrophage upregulation of the copper 
importer Ctr1 to increase copper uptake, and the relocation of the Atp7A copper 
transporter to pump copper into the phagolysosome [171].  We call this the macrophage 
“copper burst.”  High levels of copper in the phagolysosome are toxic to microbes; in 
conjunction with the oxidative burst by Nox2, described previously, copper can undergo 
Fenton reactions to reduce hydrogen peroxide into the deadly hydroxyl radical [82,171].  
Copper elevation also occurs in the blood serum during infection and inflammation [172-
174].  High copper can also be observed in tissues, as has been shown during C. 
neoformans infection of the lung [172]. 
In spite of this, pathogens have means to defend against copper toxicity.  Bacteria 
do not utilize copper in the cytosol, the metal is only used in a few proteins in the 
periplasm, so the bacteria actively export copper from the cytosol to avoid accumulation 
[80,82].  This is achieved by P-type ATPases that pump copper out across the plasma 
membrane, and some bacteria have copper transporters that further export the metal 
across the outer membrane [83,175,176].  Some bacteria also express cytosolic or 
periplasmic copper sequestration proteins, similar to eukaryotic metallothioneins, in order 
to limit toxic interactions of free copper [81,177].  These bacterial copper export and 
sequestration mechanisms are required for microbial virulence [81,83,175-178], 




Fungal pathogens also have strategies for copper detoxification.  C. neoformans 
protects itself by inducing copper-sequestration metallothioneins [172].  C. albicans also 
expresses metallothioneins Cup1 and Crd2 [179-181], and additionally has a cell surface 
P-type ATPase Crp1 that pumps copper out of the cell [180,181], similar to bacterial 
ATPases.  Both copper efflux by Crp1 and copper detoxification by Cup1 are needed for 
C. albicans survival during the macrophage copper burst [182]. 
 
 
Regulation of Copper Homeostasis in C. albicans 
All cells must maintain strict control of internal copper levels, keeping enough for 
cellular functions but not too much to cause toxicity.  Thus a complex network of 
proteins has evolved to acquire, distribute, and store copper within the cell.  The cellular 
level of unbound copper is sustained at an exceedingly low concentration, around 10-19 M 
[183].  The following mechanisms of copper homeostasis were first elucidated in S. 
cerevisiae, and most are conserved in C. albicans [184,185].   
Prior to uptake of extracellular copper, the metal is first reduced from Cu(II) to 
Cu(I) by cell surface reductases such as Fre7 [186-189], then imported into the cell 
largely by high affinity copper transporter Ctr1 (Fig. 1-4) [190-192].  Once inside the 
cell, copper is mobilized by copper chaperones along discrete pathways.  Atx1 delivers 
copper to the P-type ATPase Ccc2, located on secretory membranes [193-195].   A 
different chaperone Cox17 is required to deliver Cu to the mitochondria for cytochrome c 
oxidase (Fig. 1-4) [196-202].  The last chaperone is Ccs1, discussed previously, which 
transfers a copper ion and disulfide bond to activate Cu/Zn-Sod1 [51-53].  Ccs1 has been 
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extensively characterized in S. cerevisiae; in Chapter 2 we demonstrate how this protein 
functions in C. albicans compared to CCS molecules of other organisms. 
These and many other copper homeostasis proteins are regulated at the 
transcriptional level by a pair of copper-sensing transcriptional activators, Cup2 and 
Mac1 (Fig. 1-4) [203-206].  Cup2 is activated by high copper levels and chelates four 
copper ions to change conformation and gain activity [207].  Active Cup2 can bind to 
specific sequences in the promoters of target genes, including the aforementioned 
metallothioneins and the copper-exporting ATPase Crp1, to facilitate copper 
detoxification [181,205,206,208].  
In C. albicans as well as other fungi including S. cerevisiae and P. anserina, 
Mac1 is a transcription factor that functions during copper deficiency to activate copper 
uptake genes.  It has been best characterized in S. cerevisiae where it contains a nuclear 
localization sequence, a zinc-containing DNA binding domain, and a copper-binding 
trans-activation domain that binds eight copper ions within two cysteine-rich repeats 
[209-211].  This holds the DNA-binding domain in a stable but inactive conformation 
[210].  When cellular copper is depleted, Mac1 loses the copper ions in at least one 
cysteine-rich repeat, and the resulting conformational change leaves the DNA-binding 
domain exposed and ready to interact with DNA [210,211].  Mac1 binds to DNA at sites 
called copper response elements (CuREs), with the consensus sequence 5’-
TTTGC(T/G)C(A/G)-3’ [189,212].   This sequence is largely conserved in C. albicans 
and P. anserina, with the introduction of some flexibility at the first position [213,214].  
Although Mac1 function is conserved from S. cerevisiae to C. albicans [214,215], 
sequence comparison of the polypeptides reveal only 18% identity, with the DNA-
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binding domain containing the most homology.  In S. cerevisiae, homodimerization of 
Mac1 is required for transcriptional activation [211], whereas C. albicans Mac1 functions 
as a monomer [215].  In spite of the differences, C. albicans Mac1 is still activated by 
low copper and upregulates transcription of copper uptake genes like CTR1 and FRE7 
using the CuRE consensus sequence [215].  Mac1 regulation in C. albicans will be 
investigated further in Chapter 3 of this thesis. 
Additionally, copper regulation in C. albicans involves Gpa2, a G-protein α 
subunit that can modulate copper uptake genes such as CTR1, FRE7.  Gpa2 is thought to 




Overview of Thesis Research 
The work described in this thesis is aimed at understanding the biology of the 
intracellular SODs, Cu/Zn-Sod1 and Mn-Sod3, in the opportunistic fungal pathogen C. 
albicans.  Chapter 2 focuses on Cu/Zn-Sod1 and its activation.  We found that C. 
albicans Sod1 and Ccs1 cross-react poorly with the corresponding SOD and copper 
chaperone of S. cerevisiae, suggesting structural differences that may impact physical 
interactions, copper insertion, or disulfide formation.  We also found that C. albicans 
Sod1 is relatively unstable, which may be driven by this pathogen’s unusual need for 
Sod1 turnover in some environmental conditions, described below.  Chapter 3 provides a 
thorough investigation of the function and regulation of the co-localized Cu/Zn-Sod1 and 
Mn-Sod3.  A previous study determined that SOD1 mRNA was present in log phase 
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growth and SOD3 mRNA replaced it during stationary phase [86].  We now demonstrate 
that this switch in SODs is a function of changing copper levels.  C. albicans has evolved 
with a pair of cytosolic SODs with different metal co-factors to ensure that cytosolic 
SOD activity remains constant over a wide range of intracellular copper levels.  This 
occurs via the copper-responsive transcription factor Mac1.  We identified and confirmed 
the CuRE sequences required for Mac1 binding, and uncovered a novel method by which 
Mac1, known to be a trans-activator, can in fact repress gene transcription.  We further 
demonstrated that the switch between Sod1 and Sod3 in response to copper occurs in the 
kidneys of mice during disseminated candidiasis.  This evidence of copper limitation 
during late stage systemic infection could be an example of copper nutritional immunity.  
In Appendix I, we further explore changes in localization of copper and other metals 
during disseminated kidney infection.  We find that copper levels decline uniformly 
across the kidney, but other metals such as calcium and zinc are altered as a result of 
immune infiltration at fungal lesions.  In Appendix II, we provide direct evidence for the 
first time of yeast cells hyperaccumulating copper during macrophage infection by using 
a copper-sensing fluorescent probe to monitor copper levels within C. albicans cells 
when subjected to macrophage engulfment.  Together, these studies underscore the 




Figure 1-1:  Sequence and structure of S. cerevisiae Cu/Zn-Sod1. 
The crystal structure (A) and amino acid sequence (B) of Cu/Zn-Sod1 from S. cerevisiae 
is shown as an example of eukaryotic Cu/Zn-SODs.  (A) The electrostatic loop (ESL), 
copper and zinc cofactors, intramolecular disulfide bridge (DS), and proline 144 are 
indicated.  (B) The residues that coordinate copper are notated with C, residues binding 
zinc are notated with Z, the disulfide cysteines are notated with DS, and the residues 
forming the electrostatic loop are underlined.  Proline 144 is very close to the 





Figure 1-2:  Proline 144 on S. cerevisiae Sod1 controls the Ccs1-dependence of Sod1 
activation. 
S. cerevisiae Sod1 contains a proline at position 144, rendering the Sod1 molecule 
dependent upon Ccs1 for activation (top) [59].  In the presence of oxygen, Ccs1 inserts 
the catalytic copper and reduces the disulfide bond to confer enzymatic activity to Sod1 
[52,53].  Mutation of P144 to another residue such as serine (bottom left) liberates Sod1 
from requiring Ccs1, allowing it be activated with the help of glutathione (GSH).  The 
role of GSH in CCS-independent activation is still unclear but may involve GSH binding 
to copper and/or effects on the Sod1 thiols [55].  C. elegans Sod1 does not contain P144, 






Figure 1-3:  Cellular localization and metal content of SODs in various organisms. 
(A) Gram-negative bacteria contain a Mn- or Fe-SOD in the cytosol [61,216] and a 
Cu/Zn-SOD in the periplasm [217].  This is analogous to the localization of SODs in 
eukaryotic mitochondria, with Mn-SOD in the matrix [65] and the Cu/Zn-SOD in the 
IMS [50].  This same Cu/Zn-SOD is also present in the eukaryotic cytosol [50], while a 
separate Cu/Zn-SOD is sometimes present in the extracellular space [49].  (B) S. 
cerevisiae and C. albicans both express a mitochondrial Mn-Sod2 [127,218] and a 
Cu/Zn-Sod1 in the cytosol and IMS [66,126].  However, C. albicans has an additional 
four SODs, including three extracellular Cu-only SODs that are anchored to the cell wall 








Figure 1-4:  Regulation of copper homeostasis in C. albicans. 
(A) A summary of the C. albicans proteins involved in sensing, acquisition, distribution, 
and mobilization of copper is shown.  Each protein and its function are discussed in the 
main text.  (B) The function of the Mac1 transcription factor during cellular copper 
















Species-specific activation of Cu/Zn-SOD by its CCS copper chaperone in the 











The figures and text appearing in this chapter were published in J. Biol. Inorg. Chem., 




This project was initiated by Julie Gleason, currently a research associate in our 
lab.  She identified the CCS1 gene in C. albicans and made the gene deletion to 
demonstrate its requirement for Sod1 activity (Fig. 2-4).  Julie also engineered the P144 
and H139 mutants of C. albicans Sod1 that are stably expressed in S. cerevisiae (Fig. 2-3, 
2-7).   
I took on this project when I joined the lab in the summer of 2011.  At the time, 
we had no evidence that C. albicans Sod1 was enzymatically active, in spite of copious 
protein production.  We could not detect Sod1 activity on the native gel assays that work 
well for all other Sod1 enzymes that we have studied, including those from S. cerevisiae, 
C. elegans, and humans.  Various experiments failed to identify the cause for this 
apparent lack of activity, but ultimately I found that C. albicans Sod1 is unstable during 
the prolonged electrophoresis typically used in our native gel assays, and I optimized the 
electrophoresis conditions that stabilize C. albicans Sod1 activity.  I also designed a 
primary antibody specifically against C. albicans Mn-Sod3, one that would not cross-
react with the highly similar mitochondrial Mn-Sod2.  These tools were instrumental in 
completing all the work described here in Chapter 2 and in Chapter 3.   
For my specific contributions in this Chapter, I developed the assay to 
simultaneously monitor activity of all three intracellular SODs of C. albicans (Fig. 2-1) 
and elucidated the species-specific nature of C. albicans Sod1 interactions with its CCS 
copper chaperone (Fig. 2-2,  2-5, 2-6A).  In total, I completed half the experiments, 





From E. coli to humans, the copper and zinc-containing superoxide dismutase 
(Cu/Zn-SOD or Sod1) enzyme participates in reactive oxygen metabolism by 
disproportionating superoxide anion to hydrogen peroxide and oxygen [1,217].  The 
chemistry is carried out by a copper ion at the active site while the zinc co-factor provides 
more of a structural role.  In addition to metal co-factors, an intramolecular disulfide in 
each Cu/Zn-SOD monomer stabilizes the quaternary structure [219].  The maturation 
process for Cu/Zn-SOD in which the apo-reduced polypeptide is converted to an active 
metallated enzyme has been thoroughly investigated.  In eukaryotes, this maturation 
requires a helper protein known as CCS for the copper chaperone for SOD that acts to 
insert copper and oxidize the disulfide.  The zinc is acquired through an unknown 
mechanism.  CCS was originally identified in the baker’s yeast Saccharomyces cerevisiae 
as Ccs1 [51], and is now known to span nearly all eukaryotic phyla, however it is absent 
in bacteria [59].  A peculiar exception is the nematode C. elegans which has evolved with 
no CCS accessory factor for its Cu/Zn-SOD [56]. 
The CCS copper chaperone harbors three distinct domains that work in concert to 
capture copper, to dock with Cu/Zn-SOD and to transfer the metal and oxidize the 
disulfide [220,221].  The N-terminal domain I is similar to the Atx1-family of soluble 
copper chaperones which includes a CXXC copper binding site that participates in copper 
capture from an upstream source and insertion of copper into Cu/Zn-SOD [220,222,223].  
A central domain II exhibits homology to the Cu/Zn-SOD target and serves to physically 
dock CCS to apo-SOD1 [224-227].  The C-terminal domain III harbors a CXC motif that 
plays a critical role in oxidation of the Cu/Zn-SOD disulfide and may also bind copper 
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[52,220,222,228-230].  This structural paradigm of CCS has been well-conserved with 
minor exceptions.  For example, certain insect CCS molecules (e.g., Ccs from Drosophila 
melanogaster) lack the N-terminal CXXC copper site [231], and the fission yeast 
Schizosaccharomyces pombe CCS carries a fourth cysteine-rich domain at the C-terminus 
that is used in copper buffering [232].  In spite of these differences, CCS-SOD1 
interactions are well-conserved across diverse species.  When expressed in the baker’s 
yeast S. cerevisiae, Cu/Zn-SOD molecules from Drosophila, the Arabidopsis plant and 
humans can all be activated by the yeast Ccs1 copper chaperone [55,231,233,234].  The 
converse is also true:  S. cerevisiae Sod1 is well-activated by expression of plant, 
mammalian and S. pombe CCS molecules [51,232,235], and partially by Drosophila Ccs 
lacking the N-terminal CXXC copper site [231].  
CCS is not the sole means for activating Cu/Zn-SOD, and in most eukaryotes the 
SOD can also acquire copper and oxidize the disulfide through a CCS-independent 
method (reviewed in [57]).  The dependence on CCS can be dictated by a single residue 
in the Cu/Zn-SOD polypeptide, namely the position corresponding to proline 144 in S. 
cerevisiae Sod1.  In studies with baker’s yeast, P144 strongly inhibits activation of Sod1 
in vivo without the Ccs1 copper chaperone [55,57,59,236].  P144 appears to restrict Sod1 
disulfide oxidation and dimer formation without the aid of Ccs1 [57,59,237].  However, 
substitution with a non-proline residue at position 144 (e.g., Ser, Leu, Gln) enables some 
disulfide oxidation in the absence of Ccs1, and the Sod1 can be activated without Ccs1 
[55,57,59,236].  Thus far, P144 has only been noted in Cu/Zn-SOD molecules of certain 
Ascomycota fungi; all plant and animal Sod1 molecules contain non-proline residues at 
the equivalent position, and these Cu/Zn-SODs can be activated with or without a copper 
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chaperone [57]. Yet even in these higher organisms, the CCS copper chaperone pathway 
is the preferred mechanism for Cu/Zn-SOD activation [57].  
The pathogenic fungus Candida albicans represents an interesting model system 
to study Cu/Zn-SOD activation.  Unlike all other eukaryotes studied to date, this 
pathogen has uniquely evolved with two cytosolic SODs: a Cu/Zn-containing Sod1 and a 
highly irregular manganese-containing Sod3 [4,86,238].  In Chapter 3 of this thesis, I 
describe how these dual SODs have evolved to accommodate the changing copper 
environment of the animal host.  The C. albicans pathogen requires Sod1 for virulence 
[239], but little is known about the biochemistry and cell biology of this important 
enzyme for pathogenesis.  As with other Ascomycota fungi, C. albicans Sod1 contains 
P144 and is therefore predicted to require a copper chaperone, but a CCS molecule has 
not been described for C. albicans.  
In this study, we examine the expression of C. albicans Sod1 in the native C. 
albicans host as well as the heterologous S. cerevisiae expression system.  We find that in 
spite of its close homology to S. cerevisiae Sod1, C. albicans Sod1 is not capable of 
activation by the baker’s yeast Ccs1.  We identified a single CCS-encoding gene in C. 
albicans that is necessary to activate C. albicans Sod1 in both the native C. albicans host 
and the heterologous S. cerevisiae system.  Through our comparative studies of CCS 
molecules from insects, humans and fungi, we describe a specie-specific barrier to CCS 






Yeast strains and growth conditions 
C. albicans yeast strains were cultured at 30oC either in an enriched YPD (yeast 
extract, peptone, 2% dextrose) or minimal (SC) synthetic complete medium [240], and S. 
cerevisiae strains were grown in selecting SC medium to maintain episomal plasmids.  S. 
cerevisiae sod1∆ mutants were maintained in anaerobic culture jars (BBL GasPak) in 
medium containing 15 mg/L ergosterol and 0.5% Tween 80 to support anaerobic growth.  
For tests of S. cerevisiae aerobic lysine auxotrophy, 105, 104, 103 and 102 cells were 
spotted onto SC medium containing or lacking lysine and allowed to grow for 2-3 days 
either in air or in anaerobic culture jars.   
The S. cerevisiae sod1∆::KanMX4 and ccs1∆::KanMX4 strains are commercially 
available derivatives of BY4741, MATa his3∆1 leu2∆0 met15∆0 ura3∆0 (Open 
Biosystems).  The JG100 sod1∆::URA3  ccs1∆::KanMX4 strain was created by deleting 
SOD1 in the ccs1∆::KanMX4  S. cerevisiae mutant using the sod1∆:URA3 disruption 
plasmid pAR010b.   
The C. albicans CA-IF100 (arg4∆/arg4∆, leu2∆/leu2∆::cmLEU2, 
his1∆/his1∆::cdHIS1, URA3/ura3∆) and isogenic sod1∆/∆ CA-IF003, sod2∆/∆ CA-
IF007, and sod3∆/∆ CA-IF011 strains were kind gifts of K. Kuchler [131].  The 
CCS1/ccs1∆ heterozygous (JG101) and the ccs1∆/∆ homozygous (JG103) C. albicans 
mutants, as well as the CCS1 complemented strain, were constructed by Julie Gleason 
from parent SN78 using disruption marker cassettes and fusion PCR [241], as described 





Plasmid pLS108 is a CEN LEU2 vector that expresses S. cerevisiae SOD1 [50].  
The pJG100 plasmid for expressing C. albicans SOD1 in S. cerevisiae was derived from 
pLS108 by replacing the S. cerevisiae SOD1 coding region with that of C. albicans 
SOD1.  Vectors for expressing the P144A (pJG101), P144L (pJG102), P144Q (pJG103) 
and H139N (pJG104) derivatives of C. albicans SOD1 were created from pJG100.  The 
CEN HIS3 pJG110 vector for expressing C. albicans CCS1 in S. cerevisiae was derived 
from pLJ366 [231], replacing the S. cerevisiae CCS1 coding region with that of C. 
albicans CCS1.  The pLS113, pLJ375, and pPS015 CEN HIS3 vectors for expressing S. 
cerevisiae, D. melanogaster, and human CCS molecules, respectively, in S. cerevisiae 
have been described [50,231,243].  Additional information on the construction of these 
plasmids, as well as the C. albicans CCS1 rescue plasmid, are described in our 
publication [242]. 
 
Biochemical analysis  
Whole cell lysates from S. cerevisiae or C. albicans were prepared by glass bead 
homogenization as described [244].  For native gel electrophoresis, 30 µg lysate protein 
was subjected to electrophoresis (50 mA) on pre-cast 10% Tris-glycine gels (Novex).  
We noted that C. albicans WT Sod1 looses activity with prolonged electrophoresis on 
native gels; hence all studies with this SOD were carried with 90 min electrophoresis at 
4oC.  Prolonged electrophoresis conditions were carried out over 150 min at 4oC.  SOD 
activity in native gels was monitored by Nitroblue tetrazolium (NBT) staining [245].  To 
eliminate Cu/Zn-SOD activity, gels were soaked in 5 mM H2O2 prior to NBT staining as 
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described [75].  Immunoblot analysis was conducted with 15-30 µg whole cell lysate 
protein run on precast NuPage 4-12% Bis-Tris gels (Novex) at 200 V, followed by 
transfer onto PVDF membranes using iBlot (Novex).  A universal anti-Cu/Zn-SOD 
antibody (originally directed against C. elegans Sod-1 [56]) was used at 1:10,000 
dilution.  An antibody directed against C. albicans Sod3 was generated using the 
synthetic peptide EKISLPKIDWALDALEPY and a 90 day Rabbit Protocol (Pierce 
Antibodies).  When both Sod1 and Sod3 are analyzed, anti-Sod3 antibody (1:10,000 
dilution) was added first, followed by washing and incubation with anti-Sod1, then 
subsequent reaction with anti-rabbit secondary antibody.  Immunoblots were visualized 
by the Odyssey infrared imaging system (Licor Biosciences). 
 
 
Results and Discussion 
SOD activity from the C. albicans pathogen can be monitored using a native gel 
assay.  In Fig. 2-1, soluble lysates from C. albicans grown to early stationary stage 
exhibit three soluble SOD enzymes that easily resolve by native gel electrophoresis.  
These include the mitochondrial Mn-Sod2, cytosolic Mn-Sod3 and the cytosolic Cu/Zn-
Sod1.  Verification of the three soluble SODs was obtained using strains with individual 
mutations in the corresponding genes (Fig. 2-1 top).  Additionally, the copper- and 
manganese-containing SODs can be distinguished based on in-gel peroxide sensitivity 
[75], and as seen in Fig. 2-1 middle, Cu/Zn-Sod1 activity was lost with hydrogen 
peroxide treatment whereas both Mn-SODs were resistant.  
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To study C. albicans Sod1 further, we employed the baker’s yeast expression 
system that has proven fruitful for examining maturation of Cu/Zn-SOD from 
invertebrates, plants and humans [55,56,231,234].  Given the 70% identity between C. 
albicans and S. cerevisiae Sod1 molecules (Fig. 2-2A), we anticipated faithful activation 
of C. albicans Sod1 in baker’s yeast.  The coding region for C. albicans SOD1 was 
placed under control of the S. cerevisiae SOD1 promoter and was expressed in a S. 
cerevisiae sod1∆ strain; lysates were analyzed by the gel assay.  On native gels, Sod1 
easily resolves from the Mn-Sod2 of C. albicans (Fig. 2-2B top lane 4) but not from S. 
cerevisiae Mn-Sod2 (lane 2).  The prolonged electrophoresis needed to resolve S. 
cerevisiae Sod2 and Sod1 is detrimental to WT C. albicans Sod1 activity as described in 
more detail below (see Fig. 2-7); thus our analysis of C. albicans Sod1 typically involves 
shorter durations of electrophoresis (as in Fig. 2-1 and Fig. 2-2B top).  Under these 
conditions, the endogenous C. albicans Sod1 and Sod2 are easily discernible (Fig. 2-2B, 
lane 4) and in baker’s yeast, Sod1 is detected as peroxide-inhibitable activity over Sod2, 
as seen with endogenous S. cerevisiae Sod1 (Fig. 2-2B lane 2).  However, no activity 
over background could be detected with C. albicans Sod1 expressed in baker’s yeast 
(Fig. 2-2B top, lane 3), even though the Sod1 polypeptide was produced (Fig. 2-2B 
bottom, lane 3).  As a more sensitive and reliable assay for Sod1 activity in vivo we 
employed a growth test.  Specifically, S. cerevisiae cells devoid of Sod1 activity cannot 
grow in air without lysine due to superoxide damage to lysine biosynthetic enzymes 
[15,246].  Aerobic growth without lysine requires as little as 2% of normal Sod1 activity 
[233] and is therefore a highly sensitive indicator of in vivo Sod1 activity.  As seen in 
Fig. 2-1C, sod1∆ cells expressing C. albicans Sod1 failed to grow aerobically on medium 
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lacking lysine.  There are no signs of enzyme activity with C. albicans Sod1 expressed in 
S. cerevisiae.   
The inactivity of C. albicans Sod1 in baker’s yeast was surprising given the fact 
that Cu/Zn-SOD molecules from more distant species (e.g., Drosophilia, C. elegans, 
plants and mammals) are all abundantly active in this heterologous system 
[55,56,231,234].  As one possibility, C. albicans Sod1 might be incapable of interacting 
with the S. cerevisiae Ccs1 copper chaperone.  To release C. albicans Sod1 from any 
CCS requirement, we mutated P144 needed for CCS-dependence (Fig. 2-2A).  As seen in 
Fig. 2-3A, P144A, P144L and P144Q alleles of C. albicans Sod1 were abundantly active 
when expressed in sod1∆ strains of baker’s yeast, and activity was stable even during 
prolonged electrophoresis on native gels.  Moreover, this activity was independent of 
CCS because activity was identical in CCS1+ versus ccs1∆ strains (Fig. 2-3B, lanes 1 
and 3; Fig. 2-3C).  The gain of function with P144 mutant alleles indicates that C. 
albicans Sod1 cannot be activated in vivo by the S. cerevisiae Ccs1 copper chaperone. 
To date, a CCS copper chaperone has not been described for C. albicans.  
However, by inspection of the Candida Genome Database, we identified a single 
potential CCS encoding loci in C. albicans (hypothetical protein CaO19.11929) that 
shares 43% identity and 61% similarity with Ccs1 of S. cerevisiae (Fig. 2-4A).  
Conserved features include the MXCXXC copper binding site at the N-terminus and the 
CXC site at the C-terminus (Fig. 2-4A).  To determine whether the putative C. albicans 
CCS functions as a copper chaperone, homozygous and heterozygous gene deletions 
were introduced at the CaO19.11929 locus in C. albicans.  As seen in Fig. 2-4B lane 3, 
the homozygous null strain for CaO19.11929 exhibits a dramatic loss in Sod1 activity.  
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Polypeptide levels of C. albicans Sod1 were also somewhat lowered as has been reported 
with CCS gene deletions in other organisms [231,247].  These changes in Sod1 were 
reversed upon integration of the cDNA for CaO19.11929 (Fig. 2-4B, lane 4).  Based on 
these findings and others described below, we have denoted C. albicans CaO19.11929 as 
CCS1 (Genbank accession number KF040455).  
We tested whether C. albicans Ccs1 could restore activity to C. albicans Sod1 
expressed in S. cerevisiae.  The coding region for C. albicans CCS1 was placed under 
control of the S. cerevisiae CCS1 promoter and was co-expressed with C. albicans SOD1 
in a ccs1∆ sod1∆ null strain of baker’s yeast.  Results were compared to strains co-
expressing C. albicans SOD1 with CCS molecules from S. cerevisiae (44% identity to C. 
albicans Ccs1), human (32% identity), and Drosophilia (28% identity).  Activity of C. 
albicans Sod1 was monitored by both the sensitive lysine dependency test (Fig. 3-5A) 
and by the native gel assay (Fig. 2-5B).  Although C. albicans Sod1 is inactive when co-
expressed with S. cerevisiae Ccs1, expression of its partner C. albicans Ccs1 bestowed 
activity to this Sod1 by both the aerobic lysine auxotrophy test and the native gel assay 
(Fig. 2-5A and 2-5B).  C. albicans Ccs1 is clearly functioning as a copper chaperone, as 
it activates WT C. albicans Sod1 (Fig. 2-5), but has no effect on the CCS-independent 
P144L Sod1 mutant (Fig. 2-3B lane 2).  It is noteworthy that in addition to C. albicans 
Ccs1, the copper chaperone from humans was also capable of activating WT C. albicans 
Sod1 (Fig. 2-5).  Drosophila Ccs was poorly re-active with C. albicans Sod1 (Fig. 2-5A).  
Thus, C. albicans Sod1 is best activated by its native Ccs1 partner and by human hCCS, 
but not at all by the closely related Ccs1 from baker’s yeast.   
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We also conducted the converse experiment and tested whether C. albicans Ccs1 
can activate expression of baker’s yeast Sod1.  As seen in Fig. 2-6A, C. albicans Ccs1 
was capable of conferring some activity to S. cerevisiae Sod1, but the actual level of 
activity seems poor compared to that obtained with S. cerevisiae Ccs1 (Fig. 2-6B).  
Although there is no antibody available to monitor levels of the C. albicans Ccs1 
polypeptide, this copper chaperone is certainly expressed in baker’s yeast as it activates 
C. albicans Sod1 in the same expression system (Fig. 2-5).  
The lack of apparent reactivity between baker’s yeast Ccs1 and C. albicans Sod1 
(Fig. 2-5) was quite unexpected, particularly since baker’s yeast Ccs1 reacts well with 
Cu/Zn-SOD molecules from far distant species including plants, insects and humans 
[55,231,234].  There must be some unique attribute to C. albicans Sod1 that dictates this 
barrier in spite of 80% similarity between S. cerevisiae and C. albicans Sod1 molecules.  
To begin to address this, we searched for residues that are unique to C. albicans Sod1, 
but conserved among other eukaryotic Cu/Zn-SOD molecules.  Attention was drawn to 
H139 in C. albicans Sod1, which is a highly conserved Asn in other organisms (Fig. 2-
7A).  In studies that have been conducted with human SOD1, N139 helps form solvent-
exposed hydrogen bonds to residues in the electrostatic loop, and N139K and N139D are 
documented SOD1 mutations in familial amyotrophic lateral sclerosis [248,249].  In 
addition, position 139 in fungal Sod1 shares close proximity to P144 and C146 that 
control CCS-dependence and the Sod1 disulfide (Fig. 2-7A).  A H139N substitution was 
introduced in C. albicans Sod1 and the enzyme was co-expressed with Ccs1 from either 
S. cerevisiae or C. albicans.  As seen in Fig. 2-7B top, H139N C. albicans Sod1 exhibits 
precisely the same Ccs1 preference as is seen with WT C. albicans Sod1:  activity was 
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obtained with co-expression of C. albicans Ccs1 (lane 5) but not S. cerevisiae Ccs1 (lane 
6).  Although Ccs1 selectivity was unchanged, the H139N mutation may affect Sod1 
stability.  As seen in Fig. 2-7B middle, H139N C. albicans Sod1 activity was resistant to 
prolonged periods of native gel electrophoresis, precisely as is seen with WT Cu/Zn-SOD 
from baker’s yeast, humans, Drosophilia and nematodes, all of which naturally contain 
N139 [55,56,231].  The apparent stability gained with H139N C. albicans Sod1 could 
reflect alterations in the aforementioned hydrogen-bonding network.  
Together these studies support an unanticipated species-specificity in the 
activation of C. albicans Sod1.  Up until now, there has been great flexibility reported for 
CCS interactions with Cu/Zn-SOD.  S. cerevisiae Sod1 reacts well with CCS molecules 
from humans, plants and the Ascomycota fungus S. pombe [51,232,235].  The converse is 
also true:  Cu/Zn-SOD molecules from humans, plants and insects are all strongly 
activated by baker’s yeast Ccs1 [231,233,234].  The barrier between C. albicans Sod1 
and S. cerevisiae Ccs1 is not understood, but could involve blockages in CCS-SOD 
physical interactions, in copper insertion or in disulfide oxidation.  
Although C. albicans Sod1 cannot react with baker’s yeast Ccs1, it appears 
compatible with human hCCS (Fig. 2-5).  This is not readily explained by sequence 
divergence because human hCCS and C. albicans Ccs1 share only 32% identity versus 
the 44% identity between the two fungal Ccs1 molecules.  Since C. albicans naturally co-
exists with human cells, there is a distant possibility that at some point during the life 
cycle, C. albicans Sod1 encounters the copper chaperone of its human host.  
Cu/Zn-SOD are notoriously stable molecules with relatively long half lives in 
vivo, and activity that remains stable in vitro over a range of conditions including 
40 
 
prolonged electrophoresis on native gels.  We observe a peculiar instability with C. 
albicans Sod1 not seen with other WT Cu/Zn-SODs, namely a progressive loss in activity 
during native gel electrophoresis.  This instability results in part from sequences at the C-
terminus, including P144 and an unusual H139 that is a highly conserved Asn in other 
Cu/Zn-SODs.  Unlike other eukaryotes, C. albicans expresses two cytosolic SODs:  the 
Cu/Zn-Sod1 and a distinct Mn-requiring Sod3 enzyme.  In Chapter 3 of this thesis, we 
demonstrate that when copper availability is low, C. albicans will switch from expressing 
Sod1 to the Mn-Sod3 enzyme.  It is possible that the instability of C. albicans Sod1 




In future studies we will investigate the nature of the peculiar instability of C. 
albicans Sod1.  As one possibility, C. albicans Sod1 may lose its catalytic copper more 
easily than Sod1 molecules from other organisms.  To test this we can use extensive 
dialysis against metal chelators, as is routinely done to monitor copper binding stability 
of SODs [1,250], in order to compare the copper binding capacities of Sod1 from C. 
albicans and S. cerevisiae.  If C. albicans Sod1 more readily loses its copper, one 
consequence may be increased protein turnover.  We can test the turnover rate of C. 
albicans Sod1 compared to S. cerevisiae Sod1 with cycloheximide treatment of cultured 
cells to stop protein synthesis.  Samples will be collected over several hours and analyzed 
by immunoblot to detect Sod1 protein stability.  We expect C. albicans Sod1 to exhibit 
rapid turnover as it is not the only cytosolic SOD that this yeast can use (Chapter 3).    
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Figure 2-1:  Active Sod1 enzyme from the C. albicans native host. 
The WT C. albicans strain CA-IF100 or the indicated homozygous SOD deletion mutants 
[131] were grown to early stationary phase in YPD, conditions where both cytosolic Sod1 
and Sod3 are active.  Cell lysates were prepared and analyzed by (top and middle) native 
gel electrophoresis and NBT staining for SOD activity, and (bottom) denaturing gel 
electrophoresis and immunoblotting using anti-Sod1 and anti-Sod3 antibodies as 
described in Experimental Procedures.  Electrophoresis of native gels proceeded for 90 
minutes.   “+H2O2”:  Prior to NBT staining, gel was treated with 5 mM H2O2 to eliminate 
Cu/Zn-SOD activity [75].  The positions of active Sod1, Sod2 and Sod3 enzyme on the 





Figure 2-2:  C. albicans SOD1 expressed in the baker’s yeast S. cerevisiae. 
 (A) Sequence alignment of Sod1 molecules from C. albicans and S. cerevisiae as 
determined by Clustal Omega.  Asterisks and dots indicate amino acid identity and 
similarity, respectively.  Copper binding residues are marked by C and yellow highlights; 
zinc binding by Z and aqua; the shared zinc and copper binding histidine is marked in 
green; disulfide cysteines by DS in fuchsia.  Arrow points to P144 that dictates CCS-
dependence.  (B) Whole cell lysates were prepared from either WT C. albicans  (lane 4) 
or from a S. cerevisiae sod1∆ strain expressing Sod1 from either S. cerevisiae (Sc) or C. 
albicans (Ca) or not expressing Sod1 (-).  Lysates were subject to SOD activity analysis 
(top and middle) and immunoblotting for Sod1 (bottom) as in Fig. 2-1.  Native gels were 
treated with H2O2 where indicated as in Fig. 2-1.  The positions of the various SOD 
enzymes from C. albicans or S. cerevisiae on the native gels are marked accordingly.  
The > symbol indicates co-migration of S. cerevisiae Sod2 and Sod1 under these 
electrophoresis conditions (see main text).  (C)  Serial dilutions of the S. cerevisiae 
strains described in b were spotted onto SC medium containing or lacking lysine and 
grown either aerobically (+O2) or in anaerobic culture jars (-O2) as described in 






Figure 2-3:  Gain of C. albicans activity in S. cerevisiae with mutations in P144.  
The S. cerevisiae sod1∆ single mutant (A) or sod1∆ ccs1∆ double mutant (B,C) were 
transformed with vectors for expressing either WT C. albicans Sod1 or the indicated 
P144 mutant alleles of C. albicans Sod1.  (B,C) Cells also expressed Ccs1 from either S. 
cerevisiae (Sc) or C. albicans (Ca) or no CCS (-).  Cell lysates where analyzed for SOD 
activity by the native gel assay (A and B,C top) and for Sod1 protein by immunoblot 
(B,C bottom) as in Fig. 2-1 except native gels were subjected to prolonged 
electrophoresis (150 minutes) to resolve the active P144 Sod1 mutants from S. cerevisiae 




Figure 2-4:  A single CCS-encoding gene in C. albicans. 
 (A) Sequence alignment of Ccs1 molecules from C. albicans and S. cerevisiae fungi as 
determined by Clustal Omega.  Asterisks and dots indicate amino acid identity and 
similarity, respectively; shaded areas demark conserved copper binding cysteines in the 
N- and C-terminus of CCS molecules.  (B) The indicated strains of C. albicans were 
grown to mid log in low methionine SC medium as described in Experimental 
Procedures, and cell lysates were subjected to SOD activity (top) and Sod1 protein 
(bottom) analyses as in Fig. 2-1.  Strains utilized are the SN78 WT for Ccs1 (+/+); the 
heterozygous JG101 (+/∆) and homozygous JG103 (∆/∆) ccs1 deletion strains; ∆/∆:CCS1 







Figure 2-5:  C. albicans Sod1 is activated by its partner C. albicans Ccs1.   
 The sod1∆ ccs∆1 double mutant of S. cerevisiae expressing WT C. albicans Sod1 and 
co-expressing CCS molecules from C. albicans (Ca),  S. cerevisiae (Sc),  D. 
melanogaster (Dm) and humans (Hs) or no CCS (-) were tested for (A) lysine 
independent growth in air as in Fig. 2-2C; and (B) for SOD activity and Sod1 protein 




Figure 2-6:  Activation of S. cerevisiae Sod1 by C. albicans Ccs1. 
The sod1∆ ccs1∆ strain expressing S. cerevisiae Sod1 and co-expressing Ccs1 molecules 
from C. albicans (Ca) or S. cerevisiae (Sc) no CCS (-) were tested for (A) lysine 
independent growth in air as in Fig. 2-2C; and (B) for SOD activity and Sod1 protein 




Figure 2-7:  The unique H139 of C. albicans Sod1.  
(A) Shown is an alignment of the C-terminal region of Cu/Zn-SOD molecules from C. 
albicans (Ca), S. cerevisiae (Sc), humans (Hs) and D. melanogaster (Dm).  Yellow marks 
the conserved N139 in diverse Sod1 molecules that is a histidine in the case of C. 
albicans Sod1.  Red and blue shading mark P144 for CCS-dependence and the C146 
disulfide cysteine, respectively.  (B) The sod1∆ ccs1∆ S. cerevisiae strain expressing WT 
or H139 mutant C. albicans Sod1 and co-expressing C. albicans (Ca) or S. cerevisiae 
(Sc) Ccs1, or no CCS (-) were subjected to the native gel assay for SOD activity (top and 
middle) and immunoblot for Sod1 (bottom).  “Short” (90 min) and “prolonged” (150 












Fungal adaptation to host copper: swapping metal co-factors for SOD enzymes 






Candida albicans is the most prevalent of human fungal pathogens.  The 
organism usually exists as a harmless commensal, but has the potential to become 
invasive, infectious, and even fatal by targeting numerous organ systems [132,251].  As 
other pathogens, C. albicans relies on its host for micronutrients such as metals, and the 
bioavailability of metals can greatly vary at the host-pathogen interface.  As part of the 
innate immune response, the host deliberately withholds metals such as iron, zinc, and 
manganese from invading microbes in a process known as “nutritional immunity” 
[159,252,253]. Like other infectious agents, C. albicans is equipped to handle restrictions 
placed on these micronutrients by activating diverse pathways for scavenging host 
sources of iron and zinc [154,254-257]. 
Unlike iron, zinc, and manganese, there is no known nutritional immunity 
response for copper.  Instead studies with M. tuberculosis, Salmonella, E. coli and C. 
neoformans have inferred the opposite, where the host elevates this metal to attack 
pathogens with copper toxicity [170-172,258].  Copper is an effective antimicrobial agent 
[79,259,260], and during infection, host elevations in copper can occur at the level of 
macrophages [170,171] and in certain tissues, e.g. the lung during pulmonary invasion by 
C. neoformans [172].  However, not all tissues may exhibit a heightened copper response 
as has been reported for the brain during C. neoformas invasion [261,262].  In the case of 
C. albicans, the copper response of the host is poorly understood.  The only studies to 
date include macrophage based in vitro systems where C. albicans is clearly subject to 
macrophage-imposed copper toxicity [181,182].  It is not known whether the host 
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response to C. albicans in vivo is to elevate or restrict availability of copper, which serves 
as both potential toxin and essential nutrient for this fungal pathogen.  
 As a micronutrient, copper is co-factor for C. albicans enzymes involved in 
respiration, metal uptake, and anti-oxidant defense involving superoxide dismutase 
enzymes (SOD) [129,239,263,264].  SODs are highly conserved metalloenzymes that use 
a copper, manganese, iron, or nickel co-factor to catalyze the conversion of superoxide 
anion to oxygen and hydrogen peroxide [265].  Through this redox chemistry, SODs play 
important roles in anti-oxidant protection and in cell signaling processes involving 
reactive oxygen species [21,266,267].  Curiously, C. albicans has evolved with an 
unusually large family of SODs.  While most eukaryotes express only two or three SODs, 
C. albicans has six [86,128,239,268].   Unique to C. albicans and related fungi are a 
family of extracellular copper -only SODs (Sod4, Sod5, Sod6) [128-131] as well as an 
irregular pair of cytosolic SODs that use either copper (Cu/Zn-Sod1) or manganese 
(Sod3) as catalytic co-factor [86].  The vast majority of eukaryotes have only a Cu/Zn-
SOD in the cytosol, and a few rare organisms (crustaceans and photosynthetic microbes) 
contain a cytosolic Mn-SOD, but not Cu/Zn-SOD [67,68].  C. albicans and related fungi 
are the only organisms known to have both.  The rationale for this apparent redundancy 
in SODs with different metal co-factors was not known.    
In the current study, we investigated the basis for overlapping SODs in the C. 
albicans cytosol and have uncovered a new adaptation to copper deficiency in this yeast.  
We observe that rapidly growing cultures of C. albicans with abundant copper 
exclusively express Cu/Zn-Sod1.  But when copper is depleted, cells will switch to 
expressing Mn-Sod3 through a mechanism involving the copper-sensing transcription 
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factor Mac1 [214,215].  Notably, this swapping of metallo-SOD enzymes becomes 
prevalent during C. albicans invasion of the kidney in a mouse model for disseminated 
candidiasis.  During fungal infection, the host responds with marked variations in copper 
availability and C. albicans adapts by modulating copper transport genes and co-factor 




Yeast strains and culture conditions 
All the C. albicans laboratory strains used in this study are derivatives of SC5314 
and include: KC2 (ura3∆::imm434/ura3∆::imm434), a gift from D. Kornitzer [269]; CA-
IF100, sod1∆/∆, and sod3∆/∆, described in Chapter 2, and the additional isogenic strains 
sod1∆/+ CA-IF001, sod3∆/+ CA-IF009, obtained from K. Kuchler [131]; SN152 
(his1∆/his1∆, leu2∆/leu2∆, arg4∆/arg4∆, URA3/ura3∆::imm434, IRO1/iro1∆::imm434) 
and two independent isogenic mac1∆/∆ isolates, TF065-X and TF065-Y (Fungal 
Genetics Stock Center [270,271]).   
The three clinical isolates were random blind samples obtained from Dr. Sean 
Zhang at the repository of the Johns Hopkins Hospital Clinical Microbiology 
Laboratory.  Samples were isolated from either the blood or respiratory tract of patients 
and one of the isolates was resistant to fluconazole, as determined by the YeastOne YO-9 
panel (TREK diagnostic systems, Oakwood Village, OH, USA).  C. albicans speciation 
was determined by Dr. Sean Zhang including positive germ tube testing, colorimetric 
growth on Chromagar plates, and microscopic examination. It was also differentiated 
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from C. dubliniensis by a PNA-FISH test (AdvanDx Inc., Woburn, MA) and BD Phoenix 
panel (Becton Dickinson, Franklin Lakes, NJ).  
To engineer strains expressing SOD1 and SOD3 with mutant Mac1 consensus 
sequences, an ends-in recombination method [272] was employed using gene 
replacement plasmids constructed as follows.  Primers are listed in Table 3-1.  SOD1 
sequences -1000 to +506 were amplified using primers that introduced terminal Not1 and 
Apa1 sites at the upstream and downstream positions.  The Apa1 site was preceded by a 
triple stop codon that would terminate Sod1 translation at residue 87.  SOD3 sequences -
1000 to +351 were similarly amplified with stop codons engineered after amino acid 
position 97.  PCR products were digested with NotI and Apa1 and inserted into these 
same sites of pSN52 [241], containing the C. dubliniensis (Cd) HIS1 marker.  By Q5 site 
directed mutagenesis (NEB), a BplI restriction site was introduced at positions +358 and 
+200 in SOD1 and SOD3 respectively, to ultimately allow direct integration at the 
corresponding genomic loci.  The resultant pCL13 (SOD1) and pCL14 (SOD3) plasmids 
were subjected to a second round of mutagenesis to alter the Mac1 consensus sequence to 
contain an AflII restriction site: TTTGCTCA to TCTTAAGA at +148 to +155 in SOD1 
(generating pCL15), and ATTGCTCA to ACTTAAGA at -147 to -154 in SOD3 
(pCL16).  Plasmids pCL13-16 were linearized with BplI and used to transform either the 
sod1∆/+ heterozygote strain CA-IF001 (pCL13 and pCL15) or the CA-IF009 sod3∆/+ 
strain (pCL14 and pCL15).  Faithful integration of the plasmids resulted in a tandem 
duplication of SOD1 or SOD3 sequences, including a truncated non-functional protein 
and a full length protein associated with either mutated or unaltered Mac1 consensus 
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sequences.  Plasmid sequences and accurate chromosomal integration were verified by 
PCR amplification, restriction digestion, and gene sequencing.  
For laboratory growth of C. albicans strains, budding cells were typically cultured 
at 30°C in enriched media (YPD, BD Difco) containing yeast extract, peptone, and 2% 
dextrose.  Cell growth was monitored by absorption at 600 nm as described in Chapter 2.  
For log phase cultures, C. albicans were grown 12-16 hours to an O.D.600 between 1-4.  
Stationary phase cultures were obtained by 24-48 hours of growth following a starting 
O.D.600 of 0.1.  To obtain hyphal yeast, a log phase culture of budding C. albicans was 
starved in water at a concentration of O.D.600=3 for 1 hour at 30°C, then diluted in YPD 
medium with 10% fetal bovine serum (Sigma), at O.D.600=0.1 and grown for 6 hours at 
37°C.  Light microscopy of budding and hyphal cells was carried out at 40x using an 
Eclipse 80i upright microscope (Nikon) equipped with a dry dark field condenser 
(Nikon). 
 
The murine infection model for disseminated candidiasis 
The mouse studies were carried out in accordance with the National Institutes of 
Health guidelines for the ethical treatment of animals.  This protocol was approved by the 
Institutional Animal Care and Use Committee (IACUC) of the Johns Hopkins University 
medical institutions, protocol number MO13M264.  Studies involved both males and 
females with no difference noted with sex under any parameter tested.  6-8 week old 
Balb/C mice were infected by lateral tail vein injection with 5x105 yeast cells of C. 
albicans SC5314.  After 24, 48, and 72 hours of infection, 5-13 mice per time point were 
sacrificed, along with 5 control uninfected mice.  Blood was collected, allowed to 
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congeal on ice for 30 minutes, and then centrifuged at 1000 x g for 10 min to isolate 
serum.  Prior to harvesting, tissues were perfused by injecting 10 mL sterile PBS into the 
left ventricle of the heart and by draining from an incision in the right atrium.  With each 
mouse, one kidney was placed in 1 mL RNA-later (Sigma) and stored at -80oC.  The 
second kidney was bisected sagittally, one half was homogenized, serially diluted, and 
plated onto YPD plates with 1% penicillin-streptomycin to determine colony forming 
units (CFUs).  The other half was dissected into cortex and medulla and dissolved in 1 
mL of 20% Ultrex II Ultrapure nitric acid (J.T. Baker) overnight at 90°C in preparation 
for metal analysis by atomic absorption spectroscopy (AAS, see below).  Liver and 
spleen were also harvested and prepped for determination of CFUs and of copper content 
as described above for kidney.  Just prior to sacrificing, urine was collected from live 
mice placed on Parafilm, and was centrifuged at 13,000 x g to remove debris. 
 
Biochemical analysis 
SOD protein and enzyme activity were analyzed using the native gel assay and 
immunoblot as described in Chapter 2.   
Metal analysis of C. albicans cells in culture and of infected mouse tissues by 
AAS was performed on a PerkinElmer Life Sciences AAnalyst 600 graphite furnace 
atomic absorption spectrometer.  With C. albicans cultures, 10 O.D.600 units of cells were 
isolated and washed twice with TE buffer (10 mM Tris, 1 mM EDTA, pH 8) and twice in 
MilliQ deionized water (Millipore) and resuspended in 1 mL of deionized water prior to 
analysis of copper and manganese by AAS.  Mouse tissue samples (typically 20-200 mg 
wet weight/mL 20% nitric acid) were diluted 1:50 in MilliQ deionized water, while 
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serum and urine samples were similarly diluted 1:20 or 1:50 prior to copper analysis by 
AAS.  Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc 
test. 
RNA analysis of C. albicans in laboratory cultures and in infected kidneys was 
carried out by qRT-PCR.  For laboratory cultures, RNA was isolated from 30 O.D.600 cell 
units by acid phenol extraction and ethanol precipitation, followed by cDNA synthesis as 
described [273].  Real-time PCR was essentially as described [273] with the following 
modifications.  Standard curves for each primer were generated using 50-fold serial 
dilutions of genomic DNA from C. albicans strain SN152.  cDNAs were diluted 20-fold 
before PCR amplification with EvaGreen (Biotium), and values were normalized to 
TUB2 transcripts in each sample.  Amplicons of approximately 150 bp were obtained 
using the PCR primers (IDT) described in Table 3-1.  The thermal cycling conditions 
(Bio-Rad CFX96 real-time system) included denaturation at 95°C for 3 min, followed by 
39 cycles of 95°C for 10 s, 55°C for 30 s, 72°C for 30 s, and finally a melt curve from 
65°C to 95°C.   
For infected kidneys, samples were removed from RNA-later, finely chopped 
with a razor blade, and then added to 1 mL of TriPure Isolation Reagent (Roche).  
Samples were homogenized using a Polytron 1200e tissue homogenizer (Kinematica), 
followed by vortexing with 0.5 mm zirconia beads for 30 min at 4°C.  Samples were 
subjected to organic RNA extraction according to the TriPure Isolation Reagent 
instructions with these modifications:  Homogenate was clarified by centrifugation at 
12,000 x g at 4°C for 10 min and incubated at room temperature for 30 min before 
continuing with the phase separation step.  The isolated RNA was purified by DNAse 
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treatment and spin column extraction using the NucleoSpin RNA kit clean-up protocol 
(Machery-Nagel).  cDNA was synthesized using oligo-dT primers and the SuperScript III 
reverse transcriptase (Life Technologies).  PCR amplification using the 2x iQ SYBR 
Green Supermix (Bio-Rad) was performed using the thermocycling conditions described 




Alternating Cu/Zn- and Mn-SOD enzymes in C. albicans  
To study the dual cytosolic SODs of C. albicans in culture, we employed a native 
gel assay that readily discerns intracellular Sod1, Sod2 and Sod3 enzymes, as described 
in Chapter 2 [242].  Consistent with previous studies on SOD mRNA [86], log phase 
cells are seen with abundant Sod1, but not Sod3 enzymatic activity (Fig. 3-1A top, lane 
1).  As cultures age over 48 hours, cells shift towards active Mn-Sod3 (Fig. 3-1A top, 
lanes 4-5) and activity parallels SOD protein as determined by immunoblot (Fig. 3-1A 
middle).  Although Sod1 and Sod3 alternate with growth state, activity of the 
mitochondrial matrix Mn-Sod2 remained relatively constant (Fig. 3-1A top).  The switch 
from Sod1 to Sod3 is readily reversible.  When aged cultures were allowed to resume 
growth by diluting back into fresh growth medium, cells reverted to expressing Sod1 
(Fig. 3-1B).    
We explored the metabolic condition(s) that trigger the switch between Sod1 and 
Sod3.  Glucose is rapidly consumed in cultures of C. albicans and is almost non-
detectable within 24 hrs [274], however, glucose depletion cannot account for the 
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reciprocal control of Sod1 and Sod3.  As seen in Fig. 3-2A, aged cultures still exhibited 
the switch from Sod3 to Sod1 when cells were allowed to resume growth in low (0.5%) 
glucose.  An alternative possibility is that stationary cultures may be relatively hypoxic, 
and that low oxygen availability may be driving the switch from Sod1 to Sod3.  
However, growing cells in hypoxic conditions (5% O2) did not prevent the switch from 
Sod1 to Sod3 (Fig. 3-2B).  Thus we ruled out glucose and oxygen availability as 
regulators of the Sod1/Sod3 switch in C. albicans.   
Another possible regulatory signal is metal availability.  Manganese SOD 
enzymes are highly susceptible to changes in the bioavailability of manganese relative to 
competing metals such as iron [71,73,74,238,275,276].  However, raising intracellular 
manganese by orders of magnitude through manganese supplements had no impact on the 
switch of SOD enzymes.  Sod3 was still lost in the presence of high manganese when 
aged cultures were diluted and resumed logarithmic growth (Fig. 3-2C).   
We next tested whether copper drives the switch to Mn-Sod3.  Intracellular 
copper typically decreases during stationary phase (Fig. 3-3A) to levels that induce the 
CTR1 copper transporter gene (Fig. 3-3B), a hallmark of copper deficiency in C. albicans 
[214,215].  As seen in Fig. 3-3C and 3-4A, the switch to Mn-Sod3 with stationary phase 
was totally abolished by supplementing cultures with copper salts.  The converse was 
also true, where copper starvation favored Sod3; rapidly dividing cells exhibited a 
premature shift from Sod1 to Sod3 when cells were starved for copper by treatments with 
the Cu(I)-specific chelator bathocuproine sulphonate (BCS) (Fig. 3-4B, lanes 7-9).  High 
copper favors Sod1, and low copper induces Sod3.  This toggling of the SODs in 
response to copper is not an all-or-nothing event.  By calibrating intracellular copper 
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through copper salts and BCS treatments, a clear reciprocal dose response is observed 
with Sod1 and Sod3 (Fig. 3-4A,B).  C. albicans can adapt to a wide range in intracellular 
copper levels by fine-tuning levels of Cu/Zn-Sod1 versus Mn-Sod3.  This adaptation to 
copper is seen with both budding cultures of C. albicans (Fig. 3-4) and 
filamentous/hyphal forms of the yeast (Fig. 3-5A) that are particularly important for 
tissue invasion [135-137].  Moreover, this phenomenon is an inherent property of 
infectious C. albicans and was seen in three independent clinical isolates, including one 
from a patient’s blood and two from the respiratory tract, one of which shows resistance 
to the antifungal drug fluconazole (Fig. 3-5B).   
Copper-starved cells have low Sod1 enzymatic activity in part due to loss of the 
catalytic cofactor for this SOD (Fig. 3-4B) and we tested whether such losses in Sod1 
activity trigger the switch to Mn-Sod3.  As seen in Fig. 3-6A, the complete absence of 
Cu/Zn-Sod1 in a sod1∆/∆ strain was not sufficient to induce Mn-Sod3 (lane 2); only 
copper starvation was effective (lane 5).  Conversely, absence of Sod3 in the sod3∆/∆ 
strain did not impact Sod1 regulation by copper (lanes 3 and 6).  Therefore, it is changes 
in intracellular copper and not SOD enzymatic activity that dictates expression of Cu/Zn-
Sod1 versus Mn-Sod3.  
 
Mac1 as the trans-regulator for SOD1 and SOD3 
Copper-regulation of C. albicans SODs occurs at the mRNA level.  As seen in 
Fig. 3-6B, SOD1 and SOD3 mRNA are reciprocally expressed in response to copper 
depletion induced by either BCS or by growth in stationary phase.  As an attractive 
candidate for this regulation, we examined Mac1, the copper-sensing transcription factor 
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that induces CTR1 copper uptake in response to low copper [205,214,215].  We find that 
Mac1 is essential for copper regulation of SOD1 and SOD3, as mac1∆/∆ null cells failed 
to switch to SOD3 upon copper depletion either through BCS treatment or during 
stationary phase growth (Fig. 3-6B,C).  Mutations in mac1∆/∆ seemed to mimic high 
copper with regard to constitutively expressing Cu/Zn-Sod1 (as in Figs. 3-3C and 3-4B).  
However, copper was not elevated in mac1∆/∆ cells, if anything copper was low (Fig. 3-
6C bottom), presumably reflecting loss of Ctr1 copper transport.  Copper starvation 
therefore works through Mac1 to induce SOD3 and repress SOD1. 
Across S. cerevisiae, P. anseria, and C. albicans fungi, Mac1-like regulators 
recognize the 8-mer TTTGCTCA in the promoter region of target genes, with some 
flexibility in the T at the first position [189,213,215,277].  By this definition, we 
identified a single Mac1 consensus site at SOD3 position -146 (Fig. 3-7A), consistent 
with its induction by Mac1 during copper starvation.  No such sequences were noted in 
the SOD1 promoter, but a match was identified at intronic position +148 (Fig. 3-7A).  To 
test if these sequences are responsible for SOD1 and SOD3 regulation, we engineered C. 
albicans strains to express genomic copies of SOD1 or SOD3 containing substitutions in 
the aforementioned Mac1 consensus sequences.  As seen in Fig. 3-7B, loss of the putative 
Mac1 site in the SOD3 promoter totally abolished Mn-Sod3 induction by copper 
starvation, while Cu/Zn-Sod1 was still repressed (lane 6).  Conversely, mutating the 
downstream Mac1 consensus site in the SOD1 intron rendered cells unable to repress 
Cu/Zn-Sod1 while Mn-Sod3 induction was preserved (Fig. 3-7C lane 6).  These studies 
demonstrate that SOD1 and SOD3 are regulated independent of one another by copper 
and that this regulation requires Mac1 consensus sequences in the SOD3 promoter and 
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SOD1 intron.  Mac1 is well known for its role as a transcriptional activator 
[186,189,211,213-215,277,278] but our studies with C. albicans SOD1 provide strong 
evidence that Mac1 can also act in gene repression using downstream consensus sites.  
 
Sod1 and Sod3 in an infection model for disseminated candidiasis 
The natural habitat of C. albicans is the animal host and it was therefore critical to 
assess whether the organism alternates between Sod1 and Sod3 in vivo.   Based on studies 
with other pathogens, host copper is predicted to rise during infection [82,170-
172,279,280], calling into question the significance of a copper starvation response in C. 
albicans.  To investigate this, we used a murine model of disseminated candidiasis where 
kidney is the primary target organ of infection [143].  In this model, kidney abscesses 
appear as early as 24-48 hrs of infection and the animal typically succumbs to lethal 
candidiasis within a week [143].  As seen in Fig. 3-8A, serum copper levels significantly 
increased during 72 hrs of candidiasis (p<0.001 for control vs. 72 hrs), consistent with the 
notion of elevated host copper during infection and inflammation [79,82,170-
174,260,279,280].  However, kidney copper did not follow suit.  There was a brief rise in 
kidney copper at early stages of infection, but later stages were associated with reductions 
in total kidney copper and levels consistently decreased ~2 fold between 24 and 72 hours 
post-infection (p<0.001 for 24 hrs vs. 72 hrs) (Fig. 3-8B).  This pattern was identical in 
isolated medulla and cortex sections of the kidney, indicative of tissue-wide changes in 
copper (p<0.001 for 24 hrs vs. 72 hrs in medulla and cortex) (Fig. 3-8C,D).  We also 
examined copper in the spleen and liver where the fungal burden is 3-4 orders of 
magnitude lower than that of kidney based on CFUs (Fig. 3-8D).  Trends in splenic 
63 
 
copper were similar to that of kidney, i.e., an initial rise, followed by decreases at later 
stages (p<0.01 for 24 hrs vs. 72 hrs) (Fig. 3-8E), while copper in the liver remained 
relatively constant (p>0.05 for all groups) (Fig. 3-8F).  Overall, the progressive elevation 
in serum copper during infection (Fig. 3-8A) is not mirrored in these tissues. 
To examine the impact of such changes in host copper on C. albicans, we 
conducted qRT-PCR analysis of fungal SOD1 and SOD3 in kidneys, where fungal burden 
was the highest (Fig. 3-9D).  As seen in Fig. 3-9A,B, early stages of infection were 
associated with abundant SOD1 and relatively low SOD3 mRNA, indicative of abundant 
copper availability for the invading fungus.  However, as infection proceeded, SOD1 was 
repressed and SOD3 was induced.  Expression of the C. albicans CTR1 target of Mac1 
was also elevated during later stages of infection (Fig. 3-9C).  This response in C. 
albicans strongly indicates that the yeast is sensing the drop in kidney copper. 
So why is the kidney losing copper during prolonged infection?  One possibility is 
increased copper excretion in the urine.  However, when samples of urine were collected, 
urine copper levels seem to follow kidney copper and decline ~2 fold from 24 to 72 hrs 
of infection (p<0.005 for 24 hrs vs. 72 hrs) (Fig. 3-10).  This indicates that kidney copper 




C. albicans has evolved with an elaborate system for adjusting to copper 
deficiency.  In addition to inducing copper uptake systems, the organism will substitute 
its copper-requiring Sod1 enzyme with cytosolic Mn-Sod3.  In this manner, the cell can 
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maintain oxidative stress protection in the cytosol over a wide range of environmental 
copper conditions.  One other instance of such swapping of SODs with different metal 
co-factors has been reported for plants where in chloroplasts, an iron-containing SOD 
will replace Cu/Zn-SODs during plant copper deprivation [281].  In the case of C. 
albicans, this ability to exchange Cu- and Mn-containing SODs serves to accommodate 
changes in copper at the host-pathogen interface.   
The switch in C. albicans SODs during copper starvation is mediated through the 
copper-sensing regulator Mac1 that is well known for its role as a transcriptional 
activator of copper uptake genes in S. cerevisiae and C. albicans [214,215,278].  C. 
albicans SOD3 can now be added to the list of transcriptional activation targets for Mac1 
involving consensus sequences in the gene promoter.  However, the puzzling downstream 
placement of the Mac1 consensus site in the SOD1 intron is unprecedented.  Our studies 
demonstrate that this downstream site is essential for repression of SOD1 with low 
copper.  It is possible that Mac1 binding at this intronic site blocks progression of the 
transcriptional machinery or interacts with factors upstream for transcriptional initiation 
to down-regulate SOD1.  In any case, this situation may not be unique to SOD1.  In 
studies by Cashmore and colleagues, expression of the C. albicans SFU1 regulator of 
iron homeostasis was elevated in mac1∆/∆ strains [215], suggesting possible repression 
by Mac1, and we noted a possible Mac1 consensus sequence at downstream SFU1 
position +141.  Thus C. albicans Mac1 may serve an expansive function in copper-
regulated gene control to both activate and repress gene expression depending on 
positioning of its consensus binding sequence.   
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A well-accepted concept in innate immunity is host-imposed copper toxicity 
where elevated copper serves as an effective biocide against microbial pathogens 
[79,82,170-172,260,279,280].  Our studies reveal two faces of host copper during 
infection with C. albicans:  While serum copper elevates, copper can become limiting at 
the major site of infection in the kidney.  As one possibility, the host may intentionally 
restrict copper as part of an innate nutritional immunity response, similar to host 
withholding of iron, manganese, and zinc for invading microbes [154,159,252-257].  
Recent studies by Brown have shown that during C. albicans infection of the kidney, iron 
moves away from sites of fungal lesions in the cortex to the medulla as an apparent 
mechanism for iron withholding [256].  However we observe no similar movement of 
copper towards the medulla, rather the drop in copper is uniform kidney-wide.  
Furthermore, this is not due to increased urinary output as urine levels of copper seem to 
decline just like kidney copper.  If the kidney is not losing copper by excretion, the metal 
should be reabsorbed into circulation, perhaps contributing to the continual rise in serum 
copper.  It is noteworthy that the majority of serum copper is in the form of the acute 
phase cuproprotein ceruloplasmin, largely produced by the liver [279,282,283].  We find 
that liver does not follow the same late stage decline in copper seen with kidney and 
spleen, raising the intriguing possibility that copper may be mobilized from non-liver 
tissues to meet the demands for elevating serum copper and cupro-ceruloplasmin 
production by the liver.  Regardless of the mechanism, these studies demonstrate that the 
host response to infection is not simply to attack pathogens with toxic copper, but that 
copper can become limiting during infection as well.  C. albicans is well equipped to 
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withstand restrictions in host copper by adjusting copper uptake and the utilization of 
copper as an enzymatic co-factor for SOD enzymes.  
 
Future Directions 
The mechanism by which copper is depleted from the kidney during infection 
remains unknown.  If copper from the kidney is reabsorbed into the blood, we expect it to 
occur with the help of the mammalian copper pump Atp7a.  Atp7a is known to 
translocate from the trans-Golgi network to the basolateral membrane during copper 
elevation to pump copper out of renal cells and into the blood [284].  We can examine if 
this occurs in our infection model by measuring ATP7a transcript levels in infected 
kidney using qRT-PCR.  We expect to see an induction of ATP7a mRNA at late stages of 
infection corresponding with the decline of kidney copper levels.  Even if mRNA levels 
are not affected, we anticipate the relocalization of Atp7a protein from intracellular sites 
to the basolateral membrane of kidney epithelial cells.  This can be detected using 
immunohistochemistry (IHC) on sectioned kidney tissue with an anti-Atp7a antibody, 
which will be provided by our collaborator Dr. Svetlana Lutsenko here at JHU.  
Alternatively, copper might be excluded from kidney tissue due to lack of copper uptake, 
rather than increased copper export.  This can be examined using the methods just 
described to detect mRNA and protein levels of the copper permease Ctr1.   
In our model of disseminated candidiasis, we also noted the strong increase of 
serum copper during infection, which we hypothesize is due to increased ceruloplasmin 
production.  In future studies, this can be tested by immunoblot analysis of serum 
ceruloplasmin, where we expect ceruloplasmin levels to increase in parallel to previously 
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detected serum copper (Figs. 3-8A, 3-10).  We can also distinguish between holo- and 
apo-ceruloplamsin levels using native gel electrophoresis followed by immunoblotting.  
Furthermore, we can perform C. albicans infection experiments using ceruloplasmin 
knock-out mice [285] from our collaborator Dr. Mick Petris at University of Missouri, in 
which we do not expect to see the same rise in serum copper and drop of kidney copper.  
We currently do not know if the potential nutritional immunity effects of copper 
are limited to kidneys during disseminated infection.  We may broaden our focus and use 
qRT-PCR to identify whether fungal copper response genes like SOD1, SOD3, and CTR1 
are impacted in secondary infection sites such as liver and spleen.  We can even try 
different infection models.  For example, our collaborator at University of Maryland, Dr. 
Mary Ann Jabra-Rizk, uses an oropharyngeal candidiasis (OPC) model [286] that will 
enable us to analyze copper levels and gene expression in infected tongue tissue. 
Other investigators have shown that Sod1 is a virulence factor; deletion of SOD1 
results in attenuated virulence during disseminated infection [239].  Based on our work 
detailing the complimentary functions of Sod1 and Sod3, we expect that Sod3 is also a 
virulence factor.  Because these SODs are regulated by Mac1, this transcription factor 
may also be important for virulence.  To test these ideas, we can generate homozygous 
gene deletions in C. albicans using the SAT-FLP method, creating sod3Δ/Δ, sod1Δ/Δ 
sod3Δ/Δ, and mac1Δ/Δ strains, then use these strains to infect mice and monitor mouse 
survival over time.  All experiments using mouse models of systemic candidiasis will be 




Figure 3-1:  C. albicans will reversibly switch from Cu/Zn-Sod1 to Mn-Sod3 enzyme 
during prolonged growth or stationary phase. 
A log phase culture (O.D.600 ≈ 1.0) of C. albicans strain KC2 was diluted back to an 
O.D.600 = 0.1 and incubated for the indicated time points at 30
oC (A).  A 48 hour culture 
of C. albicans strain CA-IF100 was diluted back to an O.D.600 = 0.1 in fresh YPD 
medium and cultured at 30°C for the indicated time points (B).  Cells were analyzed for 
SOD activity by the native gel assay (A top) and for Sod1 and Sod3 protein levels by 
immunoblot (A middle, B top).  Bottom graphs indicate cell growth monitored at O.D.600.  
The positions of Sod1, Sod2, and Sod3 migration on the native gel and of Sod1 and Sod3 






Figure 3-2:  Aged cultures of C. albicans will revert to expressing Sod1 when 
logarithmic growth resumes. 
A 48 hour culture of C. albicans strain CA-IF100 was diluted back to an O.D.600 = 0.1 in 
fresh YPD medium that was supplemented where indicated with 0.5% glucose rather than 
the standard 2% (A) or with 1 mM MnCl2 (C).  CA-IF100 cells were grown as in Fig. 3-
1A in the presence of either air or 5% oxygen (B).  Cells were cultured for the indicated 
time points in hours; Sod1 and Sod3 levels were monitored by immunoblotting.  Total 
intracellular manganese (C bottom) was measured by atomic absorption spectroscopy.  







Figure 3-3:  Induction of Sod3 during stationary phase growth is due to diminishing 
copper.  
(A,B) CA-IF100 cells were grown for either 12 (log) or 48 hrs (stationary).   (A) Cells 
were analyzed for total copper by AAS where results represent the averages of two 
independent experiments and error bars are standard deviation.  (B) CTR1 expression by 
qRT-PCR compared to TUB2 mRNA as described in Experimental Procedures.  Results 
represent three independent experimental trials where error bars are standard error.  (C) 
Immunoblot analysis of Sod1 and Sod3 was carried out on log phase cells (“0”) that 





Figure 3-4:  C. albicans will switch from Cu/Zn-Sod1 to Mn-Sod3 enzyme in 
response to copper starvation. 
(A) Cells were grown to stationary phase for 48 hours in medium supplemented with the 
various concentrations of CuSO4.  Top shows dose dependent increase in intracellular 
copper as measured by AAS.  Immunoblot at bottom shows reciprocal control of Sod1 
versus Sod3 as a function of intracellular copper.  (B) A log phase culture of C. albicans 
strain CA-IF100 was grown for 12 hours in the presence of increasing concentrations of 
the Cu(I) chelator BCS.  Intracellular copper levels were monitored by AAS (top), Sod1 
and Sod3 protein levels by immunoblot (middle), and SOD activity by the native gel 
assay (bottom).  Sod2 is the manganese-containing SOD of the mitochondrial matrix that 
is highly homologous to cytosolic Sod3 [86] but remains constant with varied copper.  
High copper favors Sod1 and low copper favors Sod3 while both SODs are present at 







Figure 3-5:  Alternating SOD enzymes in hyphal yeast and in clinical isolates of C. 
albicans.   
(A) A log phase culture of CA-IF100 at 30oC (“budding”) was incubated in water for 60 
minutes at 30oC (“starved”), and then induced to form hyphae by incubating in YPD 
medium + serum at 37oC for 6 hrs (“hyphal”).  Where indicated (“hyphal +BCS”) 800 
µM BCS was added during hyphal formation.  Sod1 and Sod3 expression was analyzed 
by immunoblot (top) and yeast cell morphology by light microscopy (bottom).  (B) Three 
clinical isolates of C. albicans isolated from human blood, the respiratory tract, and a 
fluconazole-resistant (FlucR) isolate from the respiratory tract were grown as in Fig. 3-4A 
with cells treated where indicated with 800 µM BCS; the laboratory strain CA-IF100 







Figure 3-6:  Role of Mac1 in regulating SOD1 and SOD3 mRNA by copper. 
(A,C top) Immunoblot analysis of Sod1 and Sod3 with the indicated strains grown to log 
phase and supplemented where indicated with 800 µM BCS.  (B) SOD1 and SOD3 
mRNA were quantified by qRT-PCR in the indicated strains grown to log or stationary 
(48 hrs) phase in cultures supplemented with either 800 µM BCS or 8 mM CuSO4 where 
indicated.  Results are shown as a comparison to TUB2 mRNA and represent the 
averages of three independent experimental trials where error bars are standard error.  (C 
bottom) Cells from C top were analyzed for intracellular copper by AAS.  Strains used: 
(A) WT CA-IF100 and sod1∆/∆ strain CA-IF003 and sod3∆/∆ strain CA-IF011; (B,C) 
WT SN152 and isogenic mac1∆/∆ TF065-X.  The same trends in Sod1 and Sod3 







Figure 3-7:  Mac1 consensus sequences needed for regulation of SOD1 and SOD3 by 
copper.  
(A) Mac1 consensus sequences in the SOD3 promoter and SOD1 intron are aligned 
against the published Mac1 binding site [189,213,215,277].  There appears to be some 
flexibility in the first position, as the 5’ T is substituted with a G in certain P. anseria 
target genes [213] and appears as A in SOD3.  (B) A C. albicans sod3∆/+ strain was 
engineered to express recombinant SOD3 that contained either the native Mac1 site at -
154 or an ATTGCTCA to AcTtaagA substitution at this site.  The parental and 
recombinant SOD3 derivatives were grown to log phase in the presence of 800 µM BCS 
where indicated and SOD expression analyzed by immunoblot.  (C) The predicted Mac1 
site in the SOD1 intron was analyzed similarly to that of SOD3 in part B except the 
starting strain was a sod3∆/+heterozygote engineered to express SOD1 with either native 







Figure 3-8:  Copper responses during a murine model of disseminated candidiasis. 
Mice were infected with C. albicans by lateral tail vein injection as described in 
Experimental Procedures. At the specified time points, serum (A), whole kidney (B), 
kidney medulla (C), kidney cortex (D), spleen (E), and liver (F) were analyzed for copper 
by AAS.  Tissues were analyzed as a function of wet weight.  Copper analysis shows 
individual values from 5-13 mice at each time point; bar represents average.  Kidney 








Figure 3-9:  Fungal responses during disseminated candidiasis. 
Mice were infected with C. albicans by lateral tail vein injection and kidneys, liver, and 
spleen were harvested at the specified time points, from Fig. 3-9.  (A-C) From the 
kidney, C. albicans SOD1, SOD3, and CTR1 mRNA were quantified by qRT-PCR, 
compared to levels of fungal TUB2.  Results shown are averages from 5-13 individual 
mice at each time point; error bars represent standard error.  (D) Colony forming units 
(CFUs) of C. albicans infected tissues demonstrates that the fungal burden in the kidney 
is 2-3 orders of magnitude higher than that of spleen and liver.  Results are averages of 5-







Figure 3-10:  Changes in serum versus urine copper during C. albicans infection. 
Mice were infected with C. albicans as in Fig. 3-9 and serum and urinary copper was 
measured as described in Experimental Procedures.  Shown are values from 5-11 







Table 3-1:  Primers used in this study 

















OCL116 GACTCATCCGAATTGATCCAAATGCCTTGAGAG F SOD1 +BplI 
OCL117 GGACTCTTCGGATTTTACCTTCAATTTCCCAAGAAATTG R SOD1 +BplI 
OCL118 GACTCATCCGAATTATTGACGCACTTGAAAAAG F SOD3 +BplI 
OCL119 GGACTCTTCGGATTGCGGCATTGTACCCGTTTAC R SOD3 +BplI 
OCL120 AATTTCTAATCTTAAGATAATTGTATTCTTCCAAAAACAT
G 
F SOD1 Mac1-AflII 
OCL121 ACTTCAATTGGTAATTTGAAATTC R SOD1 Mac1-AflII 
OCL122 AACATAGGTTCTTAAGTATATTTACATCCCAAAATGGAT
AAC 
F SOD3 Mac1-AflII 
OCL123 TCGTACGACTCGTTATAG R SOD3 Mac1-AflII 
OCL126 AAAGCTGGCGCAACAGATATATTG F SOD verification 
OCL014 CCAGCATGACCAGTAGTTTTAGAAT R SOD1 verification 
OCL016 GATATTGCAAGTAGTACGCATGTTC R SOD3 verification 
OCL043 GAGTTGGTGATCAATTCAGTGCTAT F TUB2 qPCR 
OCL044 ATGGCGGCATCTTCTAATGGGATTT R TUB2 qPCR 
OCL013 CTACTGATGGTAATGGTGTTGCTAA F SOD1 qPCR 
OCL014 CCAGCATGACCAGTAGTTTTAGAAT R SOD1 qPCR 
OCL015 CAGTATGGGTCTGTTTCAAACCTTA F SOD3 qPCR 
OCL016 GATATTGCAAGTAGTACGCATGTTC R SOD3 qPCR 
OCL062 CAAAAGCTCGTGGAACCGGTAAATC F CTR1 qPCR 

















In Chapter 3 of this thesis, we found that total kidney copper levels dropped after 
prolonged C. albicans systemic infection.  This was correlated with fungal repression of 
SOD1 and induction of SOD3, which we showed to be an adaptive response to cellular 
copper depletion.  We provided the first evidence of host copper withholding during 
microbial infection. 
If kidney copper levels are altered during infection, other metals may be similarly 
affected.  Brown et. al. found that iron in the kidney accumulates in the medulla during 
infection while iron drops in the cortex, with further iron starvation locally around fungal 
lesions, primarily in the cortex [256].  This is accompanied by increased fungal 
expression of iron acquisition genes [256].  Mammalian systemic iron homeostasis is 
regulated by the antimicrobial peptide hepcidin, which is expressed mostly in hepatocytes 
as part of the innate immune response [287,288].  The redistribution of kidney iron was 
correlated with an increase in kidney hepcidin [256], suggesting that hepcidin may 
contribute to nutritional immunity for iron during C. albicans infection. 
Manganese and zinc are also known to be withheld from invading pathogens.  
This occurs with the help of calprotectin, a protein of the S100 family that can bind these 
two metals.  Calprotectin is highly expressed in neutrophils, which infiltrate infected 
tissues and act as a marker of fungal lesions in the kidney [256].  Calprotection is then 
released in neutrophil extracellular traps (NETs) and tissue abscesses in order to 
sequester manganese and zinc at sites of pathogen invasion [139,151-153,253,289].  
However, distribution of manganese and zinc in renal tissue during C. albicans infection 
has not been studied. 
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In Chapter 3, metal analysis was performed using atomic absorption spectroscopy 
(AAS), which limited analysis to one metal at a time.  Other methods such as inductively 
coupled plasma mass spectrometry (ICP-MS) allow concurrent analysis of many 
elements [290].  Still, ICP-MS will measure total element level in the tissue, and cannot 
detect any local changes at sites of infection.  In order to map the localization of various 
elements, we used synchrotron-based X-ray fluorescence microscopy (XRF).  In this 
technique, a high power X-ray beam, generated from a third-generation synchrotron, is 
focused onto a specimen.  The sample is scanned along the incident beam, and the 
fluorescence emission spectrum for many elements is detected at each pixel [291].  XRF 
allows high sensitivity detection of most biologically important metals with sub-micron 
resolution [291].  This is a powerful technique that can simultaneously measure elemental 
localization and concentration, and is applicable to biological samples [292].  To our 
knowledge, only one study has used XRF to map metals in kidneys, and it focused on 
selenium [293].  This method has not been applied to study kidney metals during 
infection. 
Here, the analysis of kidney metals during C. albicans infection is expanded 
beyond copper to include iron, manganese, zinc, and calcium, using both ICP-MS and 
XRF.  We find that whole kidney levels of manganese and iron also decline during 
infection, while zinc and calcium levels rise.  But when looking locally at sites of fungal 
infection, we find that calcium is elevated while zinc is withheld from these lesions.  Our 






The murine infection model for disseminated candidiasis 
The mouse infection studies were carried out as described in Chapter 3.  After 48 
and 72 hours of infection, 5-11 mice per time point were sacrificed, along with 5 control 
uninfected mice.  For XRF studies, both kidneys were harvested from each control and 72 
hour infected mouse and bisected, one sagittally and one transversely.  One half of each 
kidney (cut in different orientations) were frozen in optimal cutting temperature 
compound, a specimen matrix for cryosectioning, and stored at -80°C until sectioning for 
XRF as described below.  One remaining kidney half was homogenized, serially diluted, 
and plated onto YPD plates with 1% penicillin-streptomycin to determine colony forming 
units (CFUs).  The last remaining half was dissolved in 1 mL of 20% Ultrex II Ultrapure 
nitric acid (J.T. Baker) overnight at 90°C for AAS analysis as described in Chapter 3.  
The frozen kidney samples from 3 control mice and the 3 mice that had highest CFUs 
were selected for elemental imaging analysis (XRF, below).  At least one sagittal and one 
transverse kidney section was analyzed for each mouse. 
For ICP-MS analysis, medulla and cortex samples dissolved in nitric acid for 
AAS in Chapter 3, Fig. 3-9B-D, were reexamined by ICP-MS at the core facility for 
elemental analysis at the University of Maryland School of Pharmacy using an Agilent 
7700x ICP-MS.  3-5 samples per group were randomly selected for analysis, and whole 
kidney concentrations were calculated from medulla and cortex measurements. 
 
X-ray fluorescence and tissue microscopy 
90 
 
Kidneys were sectioned to 8 µM thickness on a Microm HM550 cryostat (Thermo 
Scientific) at -20°C.  One section was transferred to a room temperature microscope slide 
for hematoxylin and eosin staining; the adjacent section was mounted onto Ultralene 4 
µM film.  The fresh frozen tissue samples were air dried at room temperature without 
fixation.  The samples on Ultralene film were subjected to XRF, performed using 
beamline 8-BM-B at the Advanced Photon Source at Argonne National Laboratory, 
Argonne, IL.  Incident X-rays were focused to a spot size of ~25 µm.  Samples were 
raster-scanned to measure 20 µm pixels, and fluorescence spectra were collected using 
pixel dwell times of 0.45 s.  Quantification and image processing were done using MAPS 
software [294].   
 
 
Results and Discussion 
Using ICP-MS, we monitored various metals in whole kidney tissue during C. 
albicans infection.  First, we verified the results obtained from AAS in Chapter 3, 
measuring an initial rise in kidney copper at 24 hours of infection, followed by a steady 
decline to 72 hours (p<0.01 for 24 hrs vs. 72 hrs) (Fig. I-1A).  Manganese levels also 
declined slightly during infection (p=0.05 for control vs. 72 hrs), but did not initially rise 
as was the case with copper (Fig. I-1B).  Iron levels remained relatively constant 
throughout infection (p>0.05 for all groups) (Fig. I-1C).  Kidney zinc levels gradually 
increased as infection progressed (p<0.005 for control vs. 72 hrs) (Fig. I-1D).  Finally, 
calcium did not significantly change during infection (p>0.05 for all groups) (Fig. I-1E).  
These results show that concentrations of specific metals in the kidney do change on a 
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global scale, but only slightly.  However, these findings may be misleading because they 
do not capture any redistribution of metals within the kidney.  A previous study 
demonstrated that iron moves from the cortex to the medulla during C. albicans infection 
[256], which would be impossible to infer from whole kidney analysis.  Therefore, to see 
the complete picture, we turned to XRF. 
Kidneys from control and infected mice were harvested and half of the tissues 
were prepared for XRF and the remaining was analyzed for CFUs and total copper by 
AAS.  After validating the expected drop in kidney copper after prolonged infection, 
along with high CFUs (Fig. I-2A,B), three control mice and three 72 hour infected mice 
with the highest CFUs were selected for XRF analysis.  Figs. I-3 and I-4 show results for 
eight elements from sagittal sections of control and 72 hour infected kidneys.  The 
rainbow bar at the bottom shows the colors relating to element concentration, with black 
being the minimum and red the maximum.  The apparent differences in phosphorus, 
sulfur, and chlorine between control and infected tissues were not reproducible across 
multiple tissue slices.  However, there were some consistent patterns in the metals 
calcium, zinc, iron, manganese, and copper, which will be discussed by individual metals 
below. 
Calcium and zinc:  The most striking changes are seen with calcium and zinc 
localization.  In infected kidneys, numerous calcium “hot spots” are seen, mostly located 
in the cortex (Fig. I-5B top).  These hot spots are completely absent in uninfected kidneys 
(Fig. I-5A top), and appear to correspond to sites of fungal lesions based on preliminary 
hematoxylin and eosin staining (data not shown).  Remarkably, the locations of these 
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calcium hot spots also correlate with regions of zinc depletion, what we call “zinc holes” 
(Fig. I-5B bottom, enlarged image in Fig. I-6).   
Previous data from S. aureus infection in the liver have also identified calcium 
enrichment at sites of infection and immune cell infiltration that closely parallel clearing 
of zinc.  This high calcium and low zinc was attributed to calcium-bound calprotectin 
working to remove zinc from the invading pathogen [151].  Neutrophil infiltration is also 
a property of fungal lesions during C. albicans infection of the kidney [256].  These data 
combined suggest that the calcium hot spots and zinc holes we observe in the kidney are 
the result of neutrophil infiltration, possibly NET formation, and calprotectin release at 
fungal lesions [139,151,153,256].   
Iron:  We also observed specific changes in iron localization during infection.  
While uninfected kidneys show iron concentrated in both the medulla and cortex (Fig. I-7 
top), iron relocalized to the medulla during C. albicans infection (Fig. I-7 bottom), just as 
previously reported [256].  The mechanism of iron redistribution and sequestration is not 
known, but does not involve calprotectin because calprotectin does not bind iron 
[151,289]. 
Manganese:  Since calprotectin is known to withhold both manganese and zinc, 
we expected to see manganese-deficient holes corresponding to calcium hot spots, as was 
observed in the aforementioned S. aureus infection of liver and attributed to calprotectin 
from infiltrating neutrophils [151].  However, the only effect observed was an overall 
decline in detectable manganese (Fig. I-8).  We may not observe the predicted manganese 
withholding at sites of fungal lesions because manganese was not easily detected above 
background (Fig. I-8).  Other techniques that may improve manganese sensitivity include 
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higher resolution XRF or laser capture microdissection of abscesses followed by ICP-
MS. 
Copper:  Redistribution of copper was also not observed in infected kidneys (Fig. 
I-9), consistent with previous copper analysis in Chapter 3 that showed no difference 
between medulla and cortex (Fig. 3-9C,D).  Future experiments using laser capture 
microdissection may uncover a local change in copper, but it is also possible that copper 
uniformly declines in the whole kidney.  There is no published evidence that calprotectin 
is able to bind copper, and thus neutrophils may not clear copper at sites of infection as is 
the case with zinc.  The uniform decline of kidney copper may occur through the 
mammalian copper exporter Atp7A [295], where copper may be transferred to the blood 
for redistribution in the body and production of serum ceruloplasmin as described in 
Chapter 3.  
Altogether, our results show that redistribution of calcium, zinc, and iron occur in 
the kidney during C. albicans infection, consistent with the roles of these cations in 
nutritional immunity at sites of neutrophil infiltration [139,151,153,256] .  The 
mechanism of whole kidney copper loss is still unknown and future work will aim to 
define the mechanisms behind these changes, including an analysis of mammalian copper 
transporter expression and localization in response to fungal invasion of the kidney 
(discussed in Chapter 3). 
From these multi-element analyses, future experiments will focus on 
characterization of fungal lesions.  We will first verify the localization of yeast and 
immune cells in infected kidney samples, using periodic acid–Schiff staining to clearly 
identify yeast, and IHC to identify infiltrating immune cells.  Antibodies against Ly6G 
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and F4/80 cell surface proteins can be used to categorize neutrophils and macrophages, 
respectively.  After identification of fungal lesions and/or immune infiltrates, we can 
utilize laser-capture microdissection, in collaboration with Dr. Lutsenko, to isolate these 
lesions and analyze either by ICP-MS to quantify various elements, or by qRT-PCR to 
detect gene expression.  Furthermore, we seek to define the cause of the overlapping 
calcium hot spots and zinc holes.  As discussed, we hypothesize that this is the work of 
calprotectin released from neutrophils.  We can study this by IHC of infected kidney 
tissue against calprotectin to see if calprotectin accumulates in these lesions.  
Alternatively, we can also induce disseminated infection in calprotectin knock-out mice 
[296], from collaborator Dr. Thomas Kehl-Fie, and measure metal concentrations in 
fungal lesions as described above.  We anticipate that mice lacking calprotectin will not 





Figure I-1:  Metal responses during a murine model of systemic candidiasis. 
Mice were infected as in Chapter 3, and kidney samples were analyzed by ICP-MS, as 
described in Experimental Procedures.  Copper (A), manganese (B), iron (C), zinc (D), 
and calcium (E) were measured as a function of wet weight.  Graphs show individual 







Figure I-2:  Kidney copper and CFUs in selecting mice for XRF metal imaging 
analysis.  
Mice were injected with C. albicans in the lateral tail vein, as in described in 
Experimental Procedures.  Kidneys were harvested at the specified time points and 
analyzed for copper by AAS and for CFU counts, all as a function of wet weight.  Graphs 
show values from 5-11 individual mice, the bar represents average.  Results were as 
expected, so the three mice with highest CFUs were selected for additional analysis by 






Figure I-3:  Representative images of elemental distribution in uninfected kidneys. 
Kidneys were cryosectioned and subjected to XRF analysis as described in Experimental 
Procedures.  Shown here is a representative result from a sagittal section of a control 
kidney.  The rainbow bar at the bottom shows the colors relating to element 
concentration, with black being the minimum and red the maximum.  The eight elements 
shown (left to right, top to bottom) are phosphorus (P), sulfur (S), chlorine (Cl), calcium 






Figure I-4:  Representative images of elemental distribution in infected kidneys. 
Data was generated by XRF as in Fig. I-3.  Shown here is a representative result from a 
sagittal section of a 72 hour infected kidney.  The rainbow bar at the bottom shows the 
colors relating to element concentration, with black being the minimum and red the 
maximum.  The eight elements shown (left to right, top to bottom) are phosphorus (P), 







Figure I-5:  Kidney localization of calcium and zinc during C. albicans infection. 
Results were generated by XRF as in Fig. I-3.  Three sagittal and two transverse kidney 
images from control (A) and infected mice (B) are shown.    Distribution of calcium (A 







Figure I-6:  Co-localization of calcium and zinc during C. albicans infection. 
Selected images from Fig. I-5B were enlarged to show that calcium hot spots correspond 






Figure I-7:  Kidney localization of iron during C. albicans infection. 
Results were generated by XRF as in Fig. I-3.  Sagittal and transverse kidney images 
from control (top) and infected mice (bottom) are shown for iron.  These tissue sections 






Figure I-8:  Kidney localization of manganese during C. albicans infection. 
Results were generated by XRF as in Fig. I-3.  Sagittal and transverse kidney images 
from control (top) and infected mice (bottom) are shown for manganese.  These tissue 






Figure I-9:  Kidney localization of copper during C. albicans infection. 
Results were generated by XRF as in Fig. I-3.  Sagittal and transverse kidney images 
from control (top) and infected mice (bottom) are shown for copper.  These tissue 


















Copper is an essential nutrient, but too much or too little can cause harm to an 
organism.  Disruption of copper homeostasis has been implicated in a wide array of 
diseases [297-302].  Copper has also shown to be important in fighting off pathogens, 
such as during the toxic bombardment of microbes by copper in the macrophage 
phagolysosome [169-171].  In Chapter 3 of this thesis, we demonstrated that copper 
withholding may also be a method used to fight C. albicans infection in the kidney.  
Given the biological importance of copper, methods for studying copper trafficking and 
accumulation are surprisingly limited.  Several of the currently available techniques were 
discussed in Appendix I, including AAS and ICP-MS which are both unable to provide 
spatial information within a sample.  XRF is a very powerful technique that can map 
elemental localization at high resolution, but its use is extremely limited to a few 
facilities around the world.  Laser ablation ICP-MS is more readily available than XRF, 
but many labs do not have access to such instrumentation.  Thus, another technique for 
copper detection is needed, one that is widely available and easy to use.   
To this end, Christopher Chang’s lab at University of California, Berkeley, has 
developed a series of small molecule fluorescent probes to detect copper.  Their first 
published probe was Coppersensor-1 (CS1), a boron dipyrromethene (BODIPY) based 
sensor that binds to Cu(I) at high affinity (Kd= 4x10
-12 M), resulting in a 10x increase in 
fluorescence emission [303,304].  This probe may be used to detect localization and 
relative levels of copper in live cells.  Various investigators have successfully used this 
probe to study copper in human HEK293T cells [304], bacteria [305], S. cerevisiae 
[306,307], S. pombe [308], and plants [309].  However, use of CS1 in other mammalian 
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cell lines such as M17, U87MG, SH-SY5Y, and CHO have failed; the probe fluorescence 
was not responsive to altered cellular copper levels, illustrating that the CS1 probe is not 
universally effective [310,311]. 
As described in Chapter 1, several studies have shown that copper is transported 
into the macrophage phagolysosome to kill microbes such as E. coli, Salmonella, and M. 
tuberculosis [79,169,171,258].  These studies have reported the translocation of the 
Atp7A copper pump to the phagosomal membrane [171], and detected high copper in 
macrophage compartments during infection [169,170] using XRF or CS1 labeling of 
macrophages.  In the case of C. albicans, strains lacking the copper exporter Crp1 and the 
metallothionein Cup1 are less virulent in macrophage infection, suggesting that these 
cells are exposed to high copper levels in the phagolysosome [182].  However, the 
accumulation of high copper inside the pathogen has never been directly measured for 
any microbe that invades a macrophage.  Is macrophage copper actually taken up by the 
pathogen?  We would like to be able to measure copper in C. albicans cells during 
macrophage infection, and to this end we analyzed the efficacy of two distinct fluorescent 




Copper probe staining of C. albicans cells in yeast-only cultures 
This study uses C. albicans wild type strain CA-IF100 and was cultured in YPD 
at 30°C as described in Chapter 3.  C. albicans cells were grown to log phase, then 
resuspended in 500 µL of sterile PBS and transferred into a dark microcentrifuge tube.  A 
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2 mM stock solution of CS1 or CNIR4 copper probe was prepared in DMSO.  1 µL of the 
stock was added to each sample, for a final concentration of 4 µM.  The samples were 
incubated at 37°C for 30 minutes, shaking in the dark.  The cells were then washed twice 
with sterile PBS and resuspended in 500 µL of sterile PBS.  5 µL of the stained cells was 
placed on a slide with 5 µL of mounting solution with DAPI (Sigma) and sealed with a 
coverslip.  The remaining cells in the samples were used for copper quantification by 
atomic absorption spectroscopy as described in Chapter 3.  CS1 has maximum absorption 
at 540 nm, and emission at 550-650 nm [304].  CNIR4 has maximum absorption at 672 
nm, and emission at 651-750 nm. 
 
Macrophage growth conditions and infection assay  
J774A.1 mouse macrophage cell line (ATCC) was grown in T-25 flasks with 
DMEM media supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin at 37°C.  For the infection assay, coverslips were flame sterilized and 
placed in 6-well plates before 1x105 macrophages were added to each well.  Macrophages 
were grown for 1 day to ~4x105 cells per well, then treated with 1 ng/mL IFNγ for 1 day 
to prime cells to elicit a copper burst response through activation of Atp7A [170,171].  
4x105 C. albicans cells grown to log phase in YPD medium and loaded with CNIR4 
probe (as described above) were added to each well, at a multiplicity of infection (MOI) 
of 1:1.  Control samples contained the same number of C. albicans added to cell culture 
media without macrophages.  Cells were incubated at 37°C in the dark to prevent 
photobleaching.  Cover slips with cells were collected and mounted onto slides for 
microscopy every hour up to 6 hours.  Cells were visualized by microscopy on a Zeiss 
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Axio Observer.Z1 inverted microscope, using DIC to image cells, the Cy5 filter to detect 
CNIR4 fluorescence, and the GFP filter to detect CS1 fluorescence.  Images were 
captured at 64x magnification and processed using the AxioVision Software. 
 
 
Results and Discussion 
Our initial studies focused on the widely published Cu(I) probe CS1 [303,304].  
We sought to verify CS1 probe’s sensitivity to copper levels in C. albicans.  CS1 was 
taken up by the yeast and was seen to accumulate in dot-like structures (Fig. II-1A).  
However, CS1 did not respond to increased or decreased copper within cells, even when 
copper was elevated by CuSO4 supplementation or depleted by BCS treatment (Fig. II-
1A).  We also observed that CS1 preferentially labeled a few small compartments within 
the cell (Fig. II-1A) that are very similar to what has previously been published as lipid 
droplets [312].  Knowing that CS1 is based on the BODIPY dye, which is frequently used 
to detect lipid droplets [313,314], we compared the staining patterns of these two dyes.  
We found that CS1 exhibited a similar staining pattern to BODIPY alone (Fig. II-1B).  
These results, from former rotation student Fengrong Wang, indicate that CS1 is 
unresponsive to copper levels and appears to associate with lipid droplets in C. albicans 
cells.  This is not the first time that CS1 has been found to be ineffective, as this probe 
was unresponsive to copper levels and predominantly localized to lysosomes in 
mammalian cell lines M17, U87MG, SH-SY5Y, and CHO [310,311].  These findings, 
together with our results in C. albicans, emphasize that CS1 should be used with caution, 
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and researchers are now seeking to avoid these problems by synthesizing probes that are 
more water soluble [315,316]. 
Here, we demonstrate that a completely different copper probe by the Chang lab, 
CNIR4, is effective at detecting copper within yeast cells.  The structure of CNIR4 is not 
yet published, but it is a silicon-rhodamine derivative (Fig. II-2A) with high affinity and 
selectivity for Cu(I) (Kd≈10
-13 M).  Unlike results with CS1, CNIR4 fluorescence 
increases as copper is titrated into the growth media of the C. albicans, along with 
increased intracellular copper levels measured by atomic absorption spectroscopy (Fig. 
II-2B).  When the copper chelator BCS was added to the media, CNIR4 fluorescence 
decreased, in agreement with intracellular copper levels (Fig. II-2C).  This copper probe 
is indeed responsive to copper levels within C. albicans.   
CNIR4 exhibits an interesting localization within C. albicans.  The staining 
appears puncate and tubular, perhaps perinuclear and excluded from the vacuole (Fig. II-
3 top).  Previously, rhodamine-based probes have been used to identify mitochondria 
[317], but the staining of CNIR4 cannot be exclusively mitochondrial.  As seen in Fig. 3, 
mitochondrial staining by mitoSOX is punctate, but does not exhibit the tubular and 
possible perinuclear staining of copper by CNIR4.  
We used this new copper probe to examine copper within C. albicans cells during 
a macrophage infection assay.  C. albicans cells were pre-stained with CNIR4 before co-
incubation with J774A.1 macrophages or in cell culture medium alone.  In growth 
medium alone (no macrophages), budding C. albicans transitioned to pseudohypae within 
1-2 hours and then true hyphae within 5-6 hours (Fig. II-4A top) as would be expected by 
incubating these cells at 37oC and in the presence of serum.  Curiously, copper staining 
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by CNIR4 diminished over time with these cells.  This should not reflect photobleaching 
because CNIR4 is resistant to photobleaching up to 12 hours or more (Chang, personal 
communications).  Instead, the loss of fluorescence in non-engulfed C. albicans cells 
over time seems to indicate that the cells are gradually depleted of copper as they grow in 
the cell culture media, similar to what we see with cells grown in yeast growth medium 
(Chapter 3, Fig. 3-3A).  The copper in DMEM cell culture medium is coming from 
serum, and as described in Chapter 3, 90% of this copper is tightly bound to 
ceruloplasmin and may not be available to the yeast.  
A quite different pattern of CNIR4 staining is seen during fungal invasion of 
macrophages (Fig. II-4 bottom).  The results show that CNIR4 fluorescence levels in the 
yeast remain high even after six hours of macrophage engulfment, whereas yeast 
incubated in the macrophage cell culture media alone lost fluorescence (Fig. II-3A).  As 
seen in the enlarged image, only the yeast cells engulfed by macrophages retained copper 
probe fluorescence (Fig. II-3B), not yeast cells in the vicinity of macrophages, indicating 
that the engulfed cells are exposed to high copper inside the macrophage phagolysosome.   
C. albicans cells engulfed by macrophages also show a gradual loss of probe 
fluorescence, although much less so than yeast cells alone (Fig. II-3A top).  This may be 
due to C. albicans cells adapting to the high copper environment by using the cell surface 
ATPase Crp1 to pump copper out of the cell [182]. 
These results are consistent with indirect studies suggesting that macrophages 
pump copper into the phagolysosome [169,171], and with direct detection of copper in 
macrophage phagosomal compartments during infection [170].  More importantly, our 
results use direct measurements to provide evidence that engulfed pathogens accumulate 
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high copper within the phagolysosome environment, further validating the idea that the 
pathogens are exposed to high copper levels in macrophages. 
While these studies clearly show an increase in copper accumulation within C. 
albicans during macrophage invasion, it is not fully clear where this copper is coming 
from.  As a likely possibility, other researchers have demonstrated that the copper 
transporter Atp7A relocalizes to the macrophage phagolysosome during infection with E. 
coli and is presumed to account for the copper burst of the macrophage [171].  In future 
studies, we can use our infection assay to directly test whether the copper acquired by the 
fungal cells is indeed transported by Atp7a.   To this end, we will use bone marrow-
derived macrophages extracted from ATP7a macrophage-specific knock-out mice, 
provided by Dr. Petris.  Deletion of ATP7a in these macrophages should deplete copper 
levels in the phagolysosome, and we expect that to be reflected in diminished copper 





Figure II-1:  CS1 does not respond to copper levels in C. albicans and localizes to 
lipid droplets. 
(A) C. albicans cells were grown to log phase in the presence of 500 µM BCS or 4 mM 
CuSO4 as indicated.  Cells were stained with CS1 and microscopy performed as 
described in Experimental Procedures.  CS1 fluorescence levels did not fluctuate with 
copper treatment or depletion.  (B) Cells were grown to log phase and stained with either 
CS1 or BODIPY, as indicated, then subjected to microscopy as described in 
Experimental Procedures.  The two dyes stained identical lipid droplet-like structures.  
The chemical structures of CS1 and BODIPY are shown.  Figure provided by former 






Figure II-2:  The CNIR4 copper probe is responsive to changes in intracellular 
copper levels.   
(A) The structure of CNIR4 is shown.  Cells were grown to log phase in media 
containing the indicated amounts of CuSO4 (B) or the copper chelator BCS (C).  The 
cells were stained with CNIR4 and imaged by fluorescence microscopy as described in 
Experimental Procedures.  The remaining cells were analyzed for copper content by 









Figure II-3:  CINR4 versus mitochondrial staining. 
Shown is an enlarged image of CINR4 staining from Fig. II-2B compared to 
mitochondrial staining of C. albicans cells using MitoSOX.  MitoSOX image was kindly 






Figure II-4:  Copper during macrophage infection.   
C. albicans cells were grown to log phase and stained with CNIR4 as in Fig. II-2.  The 
copper probe-loaded cells were incubated in DMEM cell culture medium alone (A top) or 
with J774A.1 macrophages at an MOI of 1:1 (A bottom), and visualized every hour for 6 
hours.  CNIR4 fluorescence levels over time are shown in (A).  (B) DIC and Cy5 images 
from the 4 hour time point of macrophage infection were overlaid to show yeast cells 
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